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1.1. General considerations 
"What you don't know whould make a great book". 
Rev. Sydney Smith. 
The justification for clinical cardiac transplantation is that it should solve end-stage 
cardiac disease when no other medical or surgical treatment is available (76). 
However, after cardiac transplantation the main barriers to long-term 
survival and complete rehabilitation include the management of acute rejection epi-
sodes, the complications related to the immunosuppressive therapy and the progres-
sion of graft arteriosclerosis or chronic rejection (77). Although a progressive 
increase in patient survival has become apparent (77), many aspects of the process 
of acute and chronic cardiac allograft rejection have yet to be studied. 
Starting in 
1969, several investigations in experimental cardiac transplantation have been per-
formed in the laboratory for experimental surgery, Erasmus University, Rotterdam. 
These studies have focussed primarily on the rejection process after cardiac allo-
transplantation in dogs. 
In 1977 Jongsma reported experimental work on orthotopic 
versus heterotopic canine cardiac allografts (92). He analyzed these two cardiac 
transplantation models and concluded that their pattern of acute rejection is differ-
ent: in heterotopic grafts the rejection process seems to proceed more rapidly than 
in orthotopic grafts. It was suggested that the impaired coronary circulation of the 
cardiac allograft in the heterotopic position caused additional ischemic injury to 
the graft (92). Thus in studies dealing with cardiac allografts the model of ortho-
topic cardiac transplantation is to be preferred in order to obtain more realistic 
information. 
In 1979 Bos reported on experiments in orthotopic canine cardiac 
allotransplantation (19). He developed an experimental model for chronic rejection 
after orthotopic cardiac transplantation. Looking for a method to prolong graft 
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survival time without the detrimental effects on the recipient by the use of immuno-
suppressive drugs, Dog Leucocyte Antigen (DLA) matching was successfuly applied 
to serve this purpose. 
Clinically the process of chronic cardiac allograft rejection 
resembles the process of arteriosclerosis (19, 75). It represents the limiting factor 
for long-term survival and complete rehabilitation. Therefore, it was decided to 
study in more detail this standardized model of chronic rejection after orthotopic 
canine cardiac transplantation in DLA identical beagle littermates, as developed by 
Bos. In this thesis histopathological and functional changes, as observed during the 
chronic rejection process, are described. 
1.2. Rationale of the study 
Chronic rejection or graft arteriosclerosis. 
The process of chronic rejection was studied because it represents the limiting factor 
in long-term survival after orthotopic cardiac transplantation. After necropsy oflong-
term surviving cardiac allograft recipients, it became obvious that these cardiac 
allografts are prone to an accelerated atherosclerosis, whereas, at the time of trans-
plantation the coronary vasculature of the cardiac donors was assumed to be free of 
atheroma (14, 106, 109). The narrowing of the lumina of the coronary arteries 
could also be demonstrated on angiograms, during follow-up of the patients, as they 
were routinely performed in some clinics. Death seemed to be the result of 
myocardial ischemia (77, 149, 150). This progressive coronary arterial narrow-
ing, which occurs in the allografted heart, was designated as chronic rejection or 
graft arteriosclerosis (75). So far the only therapeutic measure that could be taken 
to alleviate this imminent danger was the institution of a regimen of antithrombotic 
agents and the regulation of dietary lipids (77, 82, 98, 129). 
Possible explantations for the 
relationship between the accelerated graft arteriosclerosis after orthotopic cardiac 
transplantation and the process of rejection are still debated. 
In 1973 O'Connell and Mowbray indicated that 
graft failure could be the result of an endothelial damage of the arteries caused by 
circulating antibodies in the host. Intimal thickening could be reproduced by them 
in arteries of rabbits by exposure to immune alloantibodies (134 ). 
Cerilli reported, 
in 1977, the existence of an anti vascular endothelial cell antibody and the absence 
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of this antibody correlated significantly with graft survival (33, 34 ). Thus, vascular 
lesions seem to be the result of a humoral reaction after transplantation, by which 
the endothelium is directly injured by the circulating antibodies. A unifying hypoth-
esis explaining the connection between the immunological vascular lesions and graft 
arteriosclerosis was proposed by Kosek (109). He postulated that the primary 
immunological damage was directed to the endothelium of the arteries and also to 
the endothelium of the vasa vasorum of the same arteries. This should lead to pri-
mary endothelial damage followed by secondary lesions caused by medial hypoxia 
after obliteration of the vasa vasorum. Fatty changes in the vessel wall are the sub-
sequent result of this direct damage and arterial wall hypoxia (I 09). 
The chronic rejection model. 
The model described by Bos provides an opportunity to investigate experimentally 
the process of chronic rejection after orthotopic cardiac transplantation (19). In 
this model prolongation of graft survival was achieved by DLA matching in beagle 
littermates. Immunosuppressive medication was not employed in order to avoid 
the detrimental effects of these drugs on the recipients. It was concluded that this 
was an appropriate model to study in detail the course and the characteristic feat-
ures of chronic rejection (19). 
The histopathological changes that were described by 
Bos consisted of postmortem findings. Based on the supposition that a document-
ation of sequential histopathologic events could give a better insight into the reject-
ion process and as this could possibly lead to indications for specific treatment in 
the future, it was decided to study the histopathological course of rejection in this 
thesis. 
The clinical course of chronic rejection in DLA identical beagle littermates 
after orthotopic cardiac transplantation was also described by Bos (19). He ment-
ioned that no helpful measurements are available to monitor the early onset or the 
progression of the course of chronic rejection. Voltage changes in the ECG can be 
satisfactory used to diagnose acute rejection episodes and immediate therapy can be 
instituted when a voltage drop of 20% is observed (119, 120). However in chronic 
rejection the ECG fails to show significant changes and can not be used in this way 
(19). This led us to introduce another technique for sequential documentation on 
myocardial performance during chronic rejection. 
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Histopathology during chronic rejection 
End-stage cardiac allograft pathology of chronic rejection was described in detail by 
Kosek (106-109), Bieber (12, 14) and Hollander (88). As mentioned by Bos (19), 
the predominant histopathological feature of chronic cardiac allograft rejection is 
found in the larger medium sized vessels of the graft and is defined as chronic 
obliterative arteritis. However no insight was obtained in the course of the reject-
ion process, because these findings were obtained after postmortem examination. 
Therefore the investigations presented in this thesis were carried out in 
order to study the histopathological changes that develop during the course of 
chronic rejection. For this purpose a percutaneous myocardial biopsy technique was 
applied. 
Extensive experience with myocardial biopsies was reported by Sakakibara 
and Konno, who first described their technique in 1962 (1 03). In 1973, Caves at 
Stanford University introduced a modified Konno-Sakakibara biotome to obtain 
right ventricular endomyocardial biopsies. To study the acute rejection process he 
took biopsies in dogs after orthotopic cardiac transplantation and immunosuppres-
sive therapy. The results of these studies encouraged Caves to take transvenous endo-
myocardial biopsies in patients following cardiac transplantation (27, 76). As acute 
rejection is manifested by parenchymal infiltration these myocardial biopsies turned 
out to be of great value for the diagnosis and treatment of acute rejection episodes. 
The endomyocardial biopsy technique pre-
sented two problems as we tried it out in our investigations. The technique is not 
adeqUate for serial biopsies during long-term survival of the ani~als because thromb-
osis of the neck veins easily occurs. Also endomyocardial biopsies are small and 
-consist of endocardium and a small piece of myocardium in which few arteries are 
seen. Hence another biopsy technique was necessary to analyse the vascular lesions 
of chronic rejection. The method of taking percutaneous myocaniigl biopsies with a 
disposable liver biopsy needle was chosen. These biopsies were taken by intro-
ducing the needle through the skin of the chest into the apex of the heart and 
sampling a piece of left-ventricular myocardium. These weekly biopsies contained 
enough biood vessels for histopathological examination and allowed us to follow the 
course of the chronic rejection process. 
Myocardial contractility during chronic rejection. 
The process of chronic rejection after orthotopic cardiac transplantation, with its 
slowly developing ischemic changes, might .also be reflected in changes in myocar-
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dial performance. Studies about myocardial performance during long-term survival 
comprise cardiac catheterizations after orthotopic cardiac transplantation in man 
(71, 74, 76). Serial measurements are necessary to detect these changes in myo-
cardial function during the course of rejection and a non-invasive method is prefer-
able for these repeated recordings. A standardized method to determine myocardial 
contractility using invasive methods, like cardiac catheterization, can not be used 
readily for serial measurements. Unfortunately conventional echocardiography, 
while being non-invasive, can not be satisfactorily applied in dogs for anatomical 
reasons. For our studies on chronic rejection we had to search for another non-
invasive method which could reflect changes in contractility. We adapted a method 
described by Karliner in 1971. By this method the mean velocity of circumferential 
fiber shortening (V cfl is determined from the motion of endocardial markers as 
registered on Roentgencinefilms (96). According to Karliner, the mean velocity of 
shortening represents a measure of myocardial contractility. As little was known 
about this method, we also evaluated it to determine if indeed a positive correlation 
existed between V cf and more conventional criteria for myocardial contractility. 
Thus, if these investigations were positive, once the markers were attached to the 
heart, a reliable non-invasive method for serial measurements of myocardial contrac-
tility would be available. 
1.3. Objectives of the study 
Based on the considerations described in the previous introduction, the investi-
gations presented in this study focussed upon the following objectives. 
First objective. 
To describe the histopathological changes that develop during the course of chronic 
rejection after orthotopic cardiac transplantation in DLA identical beagle litter-
mates, and to determine the time of onset of these changes as demonstrated by 
means of serial percutaneous myocardial biopsies. 
Second objective. 
To study myocardial performance during chronic rejection after orthotopic cardiac 
transplantation in DLA identical beagle littermates by means of a non-invasive 
technique for recording the motion of endocardial markers. 
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1.4. Plan of action of this study. 
The techniques and the subsequent results of our investigations on chronic rejection 
after orthotopic canine cardiac transplantation are described in four articles that 
have appeared in international journals. These articles, reproduced in chapters two 
to five, are arranged in the order of time of appearance. 
The aim of the study was to 
investigate the histopathology of serial biopsy specimens and myocardial contrac· 
tility during chronic rejection. 
In the first chapter the experiments are introduced 
and the specific experimental objectives stated. 
The second chapter contains the 
first article: "Serial percutaneous biopsies from canine orthotopic cardiac allo-
grafts" (Journal of Surgical Research 18: 615, 1975). In this chapter the method 
for taking serial percutaneous myocardial biopsies is described. 
The third chapter 
comprises the second paper entitled: "Orthotopic canine heart transplantation: 
left ventricular contractility during chronic rejection" (Journal of Thoracic and 
Cardiovascular Surgery 71 : 526, 1976). In this paper the changes in myocardial 
contractility during chronic rejection are described. The method we used as a 
contractility index was to calculate the mean velocity of circumferential fiber 
shortening (V cfl from endocardial marker movements on Roentgenfilms (96). 
The fourth chapter contains the third article and deals with the "Histo-
pathology of rejection in DLA·identical canine orthotopic cardiac allografts". 
(Transplantation 22 : 313, 1976). The results of serial percutaneous biopsies taken 
during chronic rejection are given here. A detailed and systematic histopathological 
description of the course of chronic rejection is given together with time of onset 
for the various lesions. 
The fifth chapter contains the article: "Myocardial radio· 
paque markers used to quantify minor axis shortening for follow-up studies in 
experimental surgery". (European Surgical Research 9 : 364, 1977). The technical 
details of the method used to measure myocardial contractility during chronic 
rejection after orthotopic canine cardiac transplantation are given here. One of the 
shortcomings of this study was that the marker method, though it gave valuable 
results, presented some technical problems. These problems had to be evaluated 
later and the results are described in chapter five. 
Chapter six is dedicated to the 
discussion and conclusions. A historical survey of orthotopic cardiac transplantation 
is given in chapter seven. 
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CHAPTER 2 
This chapter is reproduced with permission from the Journal of Surgical Research 
18:615-618, 1975; Copyrighted by Academic Press, Inc.; New York, U.S.A. 
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Serial Percutaneous Biopsies from 
Canine Orthotopic Cardiac Allografts' 
0. C. PENN, I. MCDICKEN, E. BOS, AND J. NAUTA 
Department ofThorocic Surgery, University Hospital of Rotterdam, Netherlands 
Submitted for publication November 19, !974 
Chronic rejection is still a major problem 
in clinical and experimental heart trans-
plantation. Since most of the morphologic 
descriptions of clinical and experimental ma-
terial are limited to postmortem findings, lit-
tle is known about the time of onset and the 
course of chronic rejection. Biopsies can 
readily provide useful material for the study 
of this process. 
A transvenous method for obtaining 
biopsies from canine orthotopic allografts 
has been described by Caves [2]. After 
working with a percutaneous technique, we 
found that it offers certain advantages in 
canine orthotopic cardiac allografts. The 
method is described and evaluated in this 
paper. The results of this technique proved 
to be of great value for further investigation 
of the histological aspects of chronic re-
jection. 
MATERIAL AND METHODS 
Orthotopic cardiac transplantation was 
performed in beagles weighing 10-14 kg. The 
recipients were identical for known DL-A 
groups of the littermate donors [7]. No im-
munosuppressive treatment was given. The 
operation technique was that of Lower, 
Stofer, and Shumway [1]. Biopsies were 
taken weekly from 19 beagles after 
orthotopic transplantation. 
The biopsies were taken percutaneously 
with a Vim Tru Cut disposable liver biopsy 
1This work was supported by Grant 13~29~23 of 
Fungo (Scientific Medical Research, Netherlands) and 
Grant 72040 of the Netherlands Heart Foundation. 
needle (6-inch, 15.2-cm cannula; 20-mm 
specimen notch, Travenol Fig. l ). Dogs were 
anesthethetized with iv-administered sodium 
methohexital, intubated, and maintained on 
pure oxygen. 
The left anterolateral chest wall was 
shaved, cleansed with iodine, and draped 
with sterile towels leaving only the site for 
the needle biopsy exposed. The site was 
easily recognized by visible cardiac pulsa-
tions in the fifth intercostal space. The EKG 
Lead II was recorded on a multichannel 
recorder and scope (Elema Schonander). 
The needle was advanced into the chest 
cavity toward the epicardial surface of the 
apex of the left ventricle. Contact with this 
surface was evidenced by ventricular ectopic 
beats and pulsatile movements of the needle 
synchronous with the cardiac cycle. The in-
ner needle was thrust forward into the 
myocardium as far as the instrument would 
allow. The cutting cannula was then ad-
vanced over the needle and the myocardial 
specimen was removed. The biopsy spec-
imens were immersed in a formol-saline so-
lution (10%) and stained with hematoxylin-
eosin and methyl green pyronin for light mi-
croscopy. Chronic rejection was classified 
morphologically by the criteria of Bieber [5]. 
RESULTS 
One hundred and forty-two biopsy spec-
imens were obtained from 19 dogs. The 
mean survival time of 17 dogs was 48.8 days 
(14-124 days). Two dogs are still alive at 315 
and 161 days. 
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Adequate material for light microscopy 
was obtained on 92% of the occasions. Post-
mortem findings correlated well with those 
of needle samples taken during the terminal 
phase. In 76% of the cases, biopsies con-






















Number of Biopsies, Survival Days. and Cause 
of Death of 19 Dogs 
Survival Number of 
days biopsies Cause of death 
124 12 Chron. rcj., rupture of aorta 
82 9 Chron. rcj. 
32 2 Chron. rej .. narcosis 
315 34 Alive, signs of rcj. 
26 3 Chron. rej., pneumonia 
17 2 Chron. rej .. pneumonia 
56 7 Chron. rej., hemorrhage 
29 4 Chron. rej .. narc. 
64 9 Chron. rej. 
17 2 Chron. rej., ndrc. 
35 5 Chron. rcj . narc. 
14 Chron. rej .. pneumonia 
14 2 Chrun. rej .. narc. 
161 14 Alive, signs of rej. 
91 13 Chron. rej. 
28 3 Chron. rej. narc. 
70 9 C'hron. rej . narc. 
103 10 Chron. rcj. 
28 Chron. <OJ . pneumonia 
tricular wall from epicardium to endocar-
dium. Almost every sample contained 
arteries of different sizes but consisted 
mostly of small arteries and opened-up 
collaterals. Segments of major coronary 
branches were obtained in two cases. 
As a complication of this technique, we 
lost one dog because of hemorrhage after the 
percutaneous biopsy. Seven dogs which in 
prevwus biopsies had shown extensive 
damage to the myocardium died at the in-
duction of narcosis (Fig. 2). On 10 occasions, 
the biopsy material·was later found to con-
sist of a blood clot, an organized thrombus, 
or healthy lung tissue. On postmortem 
examination the histological features of 
chronic rejection were present in all grafts. 
The time of onset as well as changes in these 
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features during the course of chronic re-
jection could be determined for every dog by 
means of the biopsies. 
Lymphoid infiltration (Fig. 3) does not 
play an important role in this model and 
even the spontaneous disappearance of lym-
phoid perivascular infiltration was seen, al-
though these dogs received no immunosup-
pressive therapy. The arterial wall is the site 
of primary damage in chronic rejection. 
Vascular lesions were a consrant finding in 
this model (Fig. 4). 
DISCUSSION 
Myocardial biopsies have been a subject 
for investigation for several years. Leedham 
[3] reported on biopsies with a Vim Tru Cut 
disposable needle for studying the course 
of acute and modified rejection in canine 
cardiac allografts. However, these allografts 
were implanted heterotopically. This in itself 
might alter the morphological features due 
to changed hemodynamics and functional 
requirements. Shirey [4] took single per-
cutaneous biopsies from 198 patients with a 
thin-walled Silverman needle for the diag-
nosis of myocardiopathy. 
Caves [2] described a transvenous method 
for obtaining myocardial biopsies in canine 
orthotopic heart allografts. He introduced a 
modified Konno-Sakakibara bioptome into 
the external maxillary vein and advanced it 
into the right ventricle. 
FIG. l. The Vim Tru Cut disposable liver biopsy needle 
(Travenol). 
FIG. 2. Example of a percutaneously obtained myocardial biopsy. x60. 
At first, we took myocardial biopsies from 
orthotopic heart allografts by repeated 
thoracotomies. We also attempted to take 
serial transvenous biopsies in this experi-
mental model, but, after about three biop-
sies, the maxillary vein was thrombosed in 
every dog. EVen leaving a cannula in the vein 
did not solve the problem of venous throm-
bosis. Experimentally obtained transvenous 
biopsies were good but were limited in size 
and in the incidence of arteries in the sam-
ples. This rendered them less useful for the 
study of vessel changes in chronic rejection. 
We recently solved the problem of death 
during the induction of narcosis by taking 
percutaneous biopsies under local 
anesthesia. Experimentally, the percuta-
neous method with a biopsy needle proved to 
offer certain advantages in the taking of 
serial biopsies from canme orthotopic 
cardiac allografts. One is not dependent on 
vein patency in cases of multiple biopsies in 
long-term survivors and the biopsy site is not 
solely confined to the endocardium. 
A cross section of the ventricle wall can be 
FIG. 3. Dog 4, postoperative week 5. Biopsy shows slight lymphoid perivascular infiltration and myocytolysis. 
X 380. 
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FIG. 4. Dog 4, postoperative week 15. Vascular lesion, intimal proliferation. x 380. 
obtained. Arteries are very important in the 
study of chronic allograft rejection. Few 
vessels are seen in endocardial biopsies. 
These arteries are easy to obtain per-
cutaneously. Hemorrhage, cardiac tam-
ponade, damage to coronary arteries, ar-
rythmias, and infection are major objections 
against percutaneous needle biopsies of the 
left ventricle, as reported in the literature. 
Apart from one case of hemorrhage, none 
of these complications occurred in our series 
of 142 punctures. Probably the risk of hem-
orrhage and tamponade is reduced by the 
adhesions between the transplanted heart 
and the inner side of the left thoracic wall 
and pericardium. 
Damage to the coronary arteries appears 
to be tolerated by the dogs, probably be-
cause of adequate collateral circulation. 
Without detectable consequences for myo-
cardial function, major branches of coro-
nary arteries were obtained twice in the 
biopsy specimens. Arrythmias, like ectopic 
beats, were seen only when the tip of the 
needle touched the epicardium. A similar 
phenomenon has been described for when 
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the transvenous bioptome touches the 
endocardium [2]-lnfection was never seen. 
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Orthotopic canine heart transplantation: Left 
ventricular contractility during chronic 
rejection 
Myocardial left ventricular contractility is assessed in 8 orthotopic heart-transplanted dogs during 
chronic rejection by a noninvasive method. The mean circumferential velocity of shortening (Vcj) is 
calculated from endocardial marker motion on cinefilms. A model for chronic rejection after cardiac 
transplantation was obtained by histocompatibility matching in DLA identical Beagle littennates. No 
immunosuppressive treatment was used. All dogs eventually died of chronic· rejection; mean survival time 
was 112.5 days. LV contractility shows the following pattern: Chronic rejection causes an important 
contractility decrease (P < 0.001) with two significant drops: (I) from the week preoperative to the first 
week after transplantation (P < 0.02) and (2)Jrom week terminal minus one to the terminal week 
(P < 0.01 ). This study describes the technique and the changes in Vcf observed over a period of time in 
a predictable model. 
Olaf C. Penn, Ron W. Brower, Frans Leicher, Geert T. Meester, and Egbert Bos, 
Rotterdam, The Netherlands 
Until now most studies on allograft rejection 
following orthotopic cardiac transplantation are di-
rected toward the acute phase of allograft rejection. 1-4 
By means of histocompatibility matching a prolonged 
survival time is obtained experimentally by using 
littennates with identity between donor and recipient 
for the DLA complex. 6 Histologically, this type of 
rejection can be defined as chronic rejection according 
to the criteria of Bieber and associates. 9 This experi-
mental model for chronic rejection was used to describe 
the changes in left ventricular contractility during 
rejection. This is useful not only for describing the 
phenomenon but also as an index for therapeutic 
measures during the whole postoperative period. The 
current problem is that practical diagnostic methods are 
not yet available for following the course of chronic 
From Erasmus University Hospital. Department of Thoracic Surgery 
and Laboratory for Experimental Surgery, Rotterdam. The 
Netherlands. 
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rejection. Moreover, this problem is complicated by 
the fact that, with regard to long survival times, an 
easily repeatable and noninvasive technique is prefera-
ble to an invasive one. In acute rejection the 
electrocardiographic (ECG) voltage proves to be very 
useful in determining acute rejection episodes but we 
found it failing in chronic rejection. Hence we tried in 
this study to apply the method of measuring the mean 
velocity of circumferential fiber shortening (Vcf). This 
method was originally described by Karliner and 
associates5 and developed with the use of cineangio-
grams. However, we applied the same calculations on 
the measurements from myocardial marker movements 
on roentgen films. 5 Being noninvasive, this procedure 
is easily repeated once the silver markers are attached 
to the donor heart. Therefore the aim of this study is to 
quantify mean circumferential fiber shortening rate (as 
a contractility index) in dogs during chronic rejection 
after orthotopic cardiac transplantation with filmed 
endocardial marker motion. 
Materials and methods 
Orthotopic cardiac transplantation was performed in 
8 beagles weighing \0 to 14 kilograms. Donor-
recipient pairs were identical for the DLA complex .6 • 7 
No immunosuppressive treatment was given. The 
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operative technique is that of Lower, Stofer, and 
Shumway. 8 Chronic rejection was classified histologi~ 
cally by the criteria of Bieber and associates9 and 
assessed by serial percutaneous biopsies10 and postmor-
tem histological findings. 
Fig. I shows three pairs of silver clips, each pair 
connected by a 5 to 7 mm. long rubber thread. These 
are placed at the apex, the anterior wall, and the 
posterior wall of the left ventricle. With the help of a 
harpoon-like device* the sharp-tipped inner clip is 
iapidly introduced perpendicularly through the wall in 
such a manner that after insertion the inner clip rests 
against the endocardial surface and the outer clip 
against the epicardial surface, as shown in Fig. 2. A 
small silver ring is sutured at the base of the aona. The 
compliant rubber band allows easy separation of the 
clips during systolic wall thickening. Transmural wall 
thickness can be measured by the distance between the 
inner and the outer part of the clip pairs. Transmural 
silver markers are attached to the donor heart the week 
before transplantation with general anesthesia and a left 
thoracotomy in order to obtain control values for each 
graft. Clip movements are recorded three times a week, 
with the dog at rest and without anesthesia, on 
high-speed single-plane cinefilms at 80 frames per 
second in the lateral projection. The dogs were 
positioned in such a way that the projected minor axis 
was maximum. Since Vcf calculations involve the ratio 
of two distances, the .technique is insensitive to 
nonparallel beam distortion, or even to minor position-
ing errors of the dog. Other than centering the image no 
attempt was made to correct for pin-cushion distortion 
nor were measurements controlled with respect to 
respiration. 
The time of exposure of cineradiograms together 
with the ECG is recorded on a Siemens oscillomink, 12 
channeL ink-jet, direct-writing recorder. A simplified 
measure of left ventricular myocardial contractility, 
i.e., Vcf calculated from epicardial markers, is used 
for the evaluation of left ventricular contractility. 5 The 
mean velocity of circumferential fiber shortening ('Vcf) 
is defined as the extent of shortening of the radius 
( = minor axis + wall thickness) r 2 , 
at the midpoint of the long axis. between end-diastole 
and end-ejection, divided by the time required for 
shortening (tct - ts). This dimension at end-diastole is 
shown in Fig. 2. Wall thickness is taken into account 
"The original idea for this device was conceived by Dr. R. F. 
Rushmer, Seattle, Wash. 
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Fig. 1. Three pairs of silver clips and a small silver ring are 
used to identify '-"'all position and motion. 
Fig. 2. A cinefilm in the lateral projection. The left 
ventricular cavity is lined by endocardial markers. MA is the 
minor axis and the velocity of shortening of the axis is 
measured between the left ventricular posterior wall (LVP) 
and the left ventricular anterior wall (LV A). AP means apex 
and AO stands for aorta base. 
for purposes of standardization of minor axis because 
of possible errors introduced by the trabeculae. 
End-diastole is defined to occur at the first frame 
exposed after the onset of the Q-wave and the 
corresponding outward wall excursion is measured 
here. End-ejection is defined as the maximum inward 
wall excursion determined by visual inspection of the 
film. The mean velocity of shortening of the internal 
circumference is divided by the end-diastolic internal 
circumference at the minor equator. The paired 
Student's t test is applied to the results of Vcf 
calculations. 
ECG recordings are taken daily in order to quantify 
heart rate, detect arrhythmias, and determine Ru wave 
voltage. 
Results 
Survival. Eight beagles received hearts from DL-A 
identical littermate donors. The mean survival time is 
112.5 days (21 to 494 days). No immunosuppressive 
therapy was used. All 8 dogs eventually succumbed to 
chronic rejection and showed ischemic changes of the 
myocardium due to obliteration primarily of epicardial 
coronary arteries and of intramyocardial arterioles. as 
was assessed by serial percutaneous biopsies 10 and 
postmortem histological findings. Detailed histological 
descriptions will be published separately. 
ECG. Values for ECG voltage are shown in Table I. 
Only QRS voltage in normally conducted complexes 
(Lead II) is measured. Their magnitude is expressed in 
millimeters (10 mm. = 1 mv.). In Table II the mean 
and standard deviation are shown. The mean control 
value is 8.86 mm. and except for the unexplained 
significant drop (P < 0.02) in the third postoperative 
week no other significant change (P < 0.05) is found 
for the entire period, even including the week prior to 
death. 
There appears to be a slight fall in the ECG voltage 
in the last 2 weeks of survival (terminal and T _1 
weeks). but this is not significant either. 
These results are summarized in Fig. 3, which shows 
the data, mean. and standard deviation for the control 
week, the first postoperative week, the week prior to 
death (T _1) and the terminal week (T). A small and 
nonsignificant drop in mean values is apparent. 
Heart rate. Values for heart rate are mentioned 
because of possible influence on contractility. These 
values are shown in Table I and appear relatively 
constant during the postoperative period. The mean and 
S.D. together with P values are shown in Table II. The 
control rate is 136 (S.D. = 25) and the only significant 
change occurred in the first postoperative week 
(mean= 149. S.D. = 20, P < 0.05. week 0). How-
ever. this cannot be regarded as an important index for 
chronic rejection as it is due in part, at least, to surgical 
trauma. Body temperature was not recorded. 
These results are illustrated in Fig. 4, which shows 
heart rate during the control week, the first week 
postoperative, week terminal minus one, and the 
terminal week. An over-all upward trend is apparent. 
The increase in the mean rate during the last week 
is slightly less than the change observed in the 
first week. 
The relative constancy of heart rate during the 
postoperative period (excluding the last week) is also 
apparent. A somewhat paradoxical finding is that the 
change in the first week is significant (P < 0.05), 
while at week T (with respect to the control) it is not, 
despite an even greater mean difference in heart rate. 
This is explained by the fact that the pattern of change 
for each individual data point was more variable than in 
the first week. 
Vcf. The Vcf determinations are shown in Table I 
and the mean, S.D., and si.gnificance levels in Table II. 
With respect to ECG Lead II and heart rate, the 
changes which occur in Ycf are much more significant. 
The surgical procedure probably causes a significant 
drop in Vcf (P < 0.02) from 2.2 at week 0 to I .8 at 
week I. Furthermore. Vcf remains depressed and no 
further significant change appears until the last week. 
At the terminal week (T) and week prior to death (T_ 1) 
the Vcf has fallen to !.38 (P < 0.01) and 1.49 
(P < 0.05), respectively. The final drop in the last 
week (comparison of week T to T _1) is significant at 
the P < 0.01 level. 
These findings are summarized in Fig. 5, which 
shows Ycf at the control week, week I, week T ~t· and 
the week of death. The drop in Vcf from week 0 to I is 
significant as well as the change from week T_ 1 toT. 
The apparently greater drop between week I and T~ 1 
is once again not significant (according to the paired T 
test), because the pattern of change is not sufficiently 
consistent over this period. In the last week the fall in 
mean values is less, but the pattern is consistent. 
Discussion 
Despite identity for the DLA complex between 
donor and recipient in orthotopic canine cardiac 
transplantation the allograft is slowly rejected. 
Histologically, chronic rejection is characterized by 
ischemic changes of the myocardium by gradual 
obliteration of coronary arteries and smaller vessels. 9 
These features express the histological difference 
between chronic and acute rejection. In acute rejection 
lymphoid infiltration of the myocardium is the most 
striking phenomenon. 9 Hence endocardial biopsies are 
reported to provide useful information about the 
infiltration rate in acute rejection. 12 In chronic rejec-
tion, however, lymphoid infiltration is hardly present, 
with the process being especially directed to the 
arteries. Biopsies for diagnostic purposes in chronic 
rejection however should aim at the acquiring of 
arteries of different sizes. 10 
A striking phenomenon observed in the results is the 
long period of mean survival time and the divergence in 
survival times. Observations such as these were never 
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Table I. Measured data on ECGn. heart rate, and mean Vcj 
I I 
Week 
Dog 0 2 3 4 5 6 7 8 9 10 
I. Dog R, 7 6 7 
BD 1230 HR 160 170 160 160 
Vcf 1.42 L29 !.13 0.97 
2. Dog R, 6 5.5 4 
BD 2325 HR 130 160 165 170 200 
Vcf 2.48 2.05 2.40 2.28 2.30 
3. Dog R, 13 10 9 4 
BD 2191 HR 120 150 140 130 180 
Vcf 1.80 1.45 1.28 1.40 1.21 
4. Dog R, 2 4 2 
B644 HR 130 130 140 150 140 150 160 160 180 
Vcf 2.48 1.35 !.62 1.29 1.43 1.38 1.33 1.26 1.15 
5. Dog R, 8 10 15 10 I 2 7 7 9 10.5 9.5 
BD 2165 HR I 10 140 120 140 I 70 I 50 I 70 150 170 180 
Vcf !.99 1.73 1.68 1.87 1.34 !.84 1.92 1.98 1.54 1.40 
6. Dog R, 17.5 15 6.5 9 7 7 4 4 
8 1209 HR 140 140 140 160 160 165 180 180 170 160 
Vcf 2.58 2.66 2.33 2.40 2.37 2.27 2.47 2.74 2.12 1.55 1.83 
7. Dog R, 14 9 12 10 II 8.5 II 9.5 7.5 8.5 10 
BD 637 HR 120 120 140 120 120 120 140 140 120 140 130 
Vcf 2.47 2.12 1.91 2.03 1.84 !.96 1.59 1.85 1.56 1.76 1.66 
8. Dog R, 7 6 7 4 9 4 7 2 
BD 1229 HR 180 180 160 160 130 125 I 30 140 ISO 150 160 
Ycf 2.40 !.97 2.34 2.06 2.07 1.76 1.42 2.29 2.16 1.92 
I I 
Week 
Dog 19 20 21 22 23 24 25 26 27 28 29 
R, 5 5 7 6 7 9 5 6 6 13 
HR 140 140 120 120 170 120 170 120 180 140 120 
Ycf 1.54 1.78 1.65 1.69 !.70 2.11 1.74 1.82 1.84 1.83 !.73 
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13 10 II 15 10 9 II 10 
135 150 160 140 140 140 130 150 
1.05 1.73 1.37 1.69 1.31 I .33 1.19 
4 9 6 
150 130 140 160 130 130 110 110 
1.79 1.60 I .68 1.67 1.61 1.48 1.59 1.68 
70 
6 4 12 10 
170 170 180 150 !30 
1.57 1.94 1.76 1.52 1.43 
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Table II. Mean, S.D., and significance of changes in ECG 11, heart rate, and Vcf 
ECGu c I 2 3 4 
Mean 8.86 8.3! 9.56 6.19 7.86 
S.D. 3.24 4.73 3.84 3.09 3.39 
S1gmficance of change with respect to week: 
C NS* NS 
NS 
L, 
Heart rare c I 2 
Mean 136 149 146 
S.D. 25 20 15 
Significance of change with respect to week: 
C p<0.05 NS 
NS 
L, 
Vcj c I 2 
Mean 2.20 1.83 1.84 















S.D. 0.42 0.47 0.49 0.51 0.47 
S1gntficance of change WJth respect to week: 
C p<0.02 p<O.OI 
NS 
L, 
*NS - no significant change up to the p < 0.05 level. 
p < 0.02 
NS 
reported in experimental skin and kidney transplanta-
tions in identical beagle littermates. 12 
An argument in favor of an unexpected short 
survival time in identical beagle littermates after 
transplantation is the liability to sudden death caused 
by fibrillation. 
Extremely long survival times are also quite as-
tonishing compared to renal and skin transplantation 
results. One of the differences in the transplantation 
procedure of immunological significance is the use of 
large amounts of mongrel-donor blood for extracor-
poreal circulation and postoperative management. 
In fact, common diagnostic methods used in acute 
rejection fail to be helpful in chronic rejection. The 
results are clear enough to show that the ECG fails to 
be helpful for diagnostic purposes during chronic 
rejection. This is contradictory to findings in acute 
rejection where the ECG is one of the leading 
diagnostic methods. 
For Vcf (mean velocity of circumferential fiber 
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1.84 1.75 2.02 
0.32 0.46 0.55 









































p < 0.001 
p < 0.025 
p < 0.01 
measurements of myocardial contractility after trans-
plantation. Little is known about this method in dogs so 
the silver clips were attached to the donor heart I week 
before transplantation in order to obtain Vcf values in 
normal dogs. 
Measurements are made manually and represent an 
enormous amount of work which needs mechanization 
and the whole method needs further perfection to 
become an easy and quick detection method. 
The significant drop in Vcf the first week after 
transplantation might be caused by operation trauma 
and the early onset of immunological damage as was 
assessed by serial percutaneous biopsies. In fact 
myocardial contractility never returns to its pretrans-
plantation normal values and strength. The term 
"operation trauma" meanwhile became a statement for 
diminished myocardial function in the early postopera-
tive period. Immunological damage, however, which 
can be expected after 24 hours postoperatively, 
contributes also to it because serial biopsies show that 








week c T 
Fig. 3. Data, mean, and S.D. for R II voltage in millimeters 
(10 mm. =I mY.) during the week before transplantation 
(""the control week= week 0), the first week after 
transplantation, the week prior to death (T_ 1). and the 
terminal week (T). The data are from Table I. 
is the greatest in the early postoperative period 
representing intrinsic myocardial depression. 10 In the 
following period contractility seems to fall down 
slowly until it finally turns down definitely shortly 
before death. Values during the last week are 
significantly lower than those of control values, 
representing the difference between healthy muscle and 
terminal damage. 
There are a number of methodological problem areas 
in this study which should at least be identified. At the 
moment the reproducibility of Vcf measurements needs 
further investigation. The wide variability in Vcf in 
Table I may in part be explained by the fact that heart 
rate was not maintained constant in follow-up mea-
surements nor were measurements made at specific 
points in the respiratory cycle. 
Other potential problems with Vcf as a contractility 
index involve sensitivity to preload and afterioad. 13 
Furthermore, the possibility that there were elevated 
levels of circulating catecholamines in the first week 
following transplantation needs to be examined. 
Nevertheless, the estimation of the mean rate of 
circumfere~tial fiber Shortening provides a relatively 
simple and satisfactory method of measuring left 
ventricular performance and is a more sensitive 
indicator than ejection fraction. 5 
Quantitative comparison of left ventricular perfor-
200 
hear_t rate 
B P M 
100 
week c T 
Fig. 4. Heart rate in beats per minute during the week before 
transplantation (C), the first week after transplantation ( 1 ), 
the week prior to death (L 1}, and the terminal week (T). The 









week c T 
Fig. 5. Vcjin sec.- 1 at the week before transplantation (C), 
the first week after transplantation (I). the week prior to death 
(T_ 1), and the terminal week (T). The data are from Table I. 
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mance among subjects is also possible, since velocity is 
divided by end-diastolic circumference and expressed 
per unit of circumferential length, a term analogous to 
muscle lengths per second in the isolated muscle. 
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HISTOPATHOLOGY OF REJECTION IN 
DLA-IDENTICAL CANINE ORTHOTOPIC CARDIAC 
ALLOGRAFTS 1 
OLAF C. PENN,' IAN McDICKEN, FRANS LEICHER, AND EGBERT Bos 
Erasmus University Hospital, Department of Thoracic Surgery and Laboratory for Experimental 
Surgery, Rotterdam, The Netherlands 
SUMMARY 
The process of chronic rejection is the limiting factor in long term survival after 
cardiac transplantation. 
As part of a study of this process in experimental orthotopic heart transplantation, 
morphological changes during the course of rejection are described in DLA-identical 
beagle littermates, obtained by serial percutaneous cardiac biopsy. A total of 153 
biopsies were .performed on 19 dogs. Mean survival time was 88.11 days (14-494 days) 
without the use of immunosuppressive therapy. Eight dogs, surviving only 4 weeks, 
showed a histological pattern that resembled delayed acute rejection, with extensive 
lymphacellular infiltrate, vascular damage, and myocytolysis. In the 11 dogs which 
survived more than 4 weeks there was a slight and sometimes transient lymphocellular 
infiltrate. But progressive vascular lesions could be seen from the 2nd week consisting 
mainly of medial proliferation involving intramural vessels as well as epicardial vessels. 
Capillary changes were prominent and the rate of capillary damage seems to be an 
indication ·of graft survival prognosis. 
Despite identity for the DLA complex 
between donor and recipient the orthotopic 
cardiac allograft is rejected. Graft survival, 
however, is prolonged over non-identical litter-
mate transplants (2). In non-identical dogs 
acute rejection usually becomes manifest dur-
ing the 1st week in the form of capillary and 
venular injury, accompanied by extensive lym-
phocyte and monocyte infiltration with degen-
eration and finally massive necrosis of paren-
chymal cells (5). Chronic rejection occurs dur-
ing prolonged survival as a widespread arterial 
lesion with intimal fibrosis, resulting in arterial 
1 This work was supported by Grant 1:)-29-2:3 of 
Fungo (Scientific Medical Research, Netherlands) 
and Grant 72040 of the Netherland Heart Foundation. 
2 Address correspondence to: O.C. Penn, M.D .. 
Dept. of Surgery, Erasmus University Hospital. Dr. 
Molewaterplein 40, Rotterdam, The Netherland,;. 
luminal narrowing with subsequent myocardial 
ischemia and/or infarction (1). These arterial 
lesions appear to be irreversible and are not 
readily diagnosed clinically (5). Prolonged graft 
survival by histocompatibility matching allows 
the development of these histological lesions 
without the added alterations due to immuno-
suppressive therapy. In order to follow this 
histopathological pattern serial percutaneous 
biopsies were taken after orthotopic cardiac 
transplantation in DLA-identical beagle litter-
mates. The aim of this study was to complete a 
systematic description of the course of chronic 
rejection and to assess time of onset for the 
various lesions. 
MATERIAL A:-ID METHODS 
Orthotopic cardiac transplantation was per-
formed in 19 beagles, donors and recipients 
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being littermates of both sexes and identical for 
the DLA complex. Tissue typing was performed 
by using a one-stage microcytotoxicity test (JOL 
but in these dogs mixed lymphocyte cultures 
(MLCs) were not done. Mean dog weight was 12 
kg and the operative technique was of Lower et 
al. (6). Approximately 1,500 ml of mongrel 
blood were employed for priming of the heart-
lung machine and in postoperative manage-
ment. No immunosuppressive treatment was 
given. Daily electrocardiograms (ECGs) were 
taken and weekly contractility measurements 
were made, the results of which are published 
separately (8). Following transplantation. per-
cutaneous myocardial biopsies were taken 
weekly by a previously described technique (9). 
In dogs surviving more than 6 months biopsies 
were taken monthly. Biopsies were taken from 
the anterior wall of the left ventricle or its apex 
during general anaesthesia induced by sodium-
methohexital. At necropsy the hearts were re-
moved, opened along the lines of bloodflow, and 
inspected macroscopically. Biopsy specimens 
and autopsy samples were fixed in a 4% formal-
saline solution and sectioned subserially. Paraf-
fin sections were stained with hematoxylin-
eosin, PAS. and methylgreen-pyronin for light 
microscopy examination. 
RESULTS 
Mean survival time of the dogs was 88.11 days 
(14-494 days). Recipient number and sex, sex of 
donor, number of biopsies, survival time, cause 
of death, and clinical picture are shown in Table 
1. A total number of 153 percutaneous biopsies 
were obtained. One dog was lost because of 
hemorrhage as a complication of the biopsy 
technique. Seven dogs with extensive damage of 
the myocardium died at the induction of narco-
sis prior to biopsy. On 10 occasions the biopsy 
material was found to consist of blood clot, 
organized thrombus, or healthy lung. Clinical 
signs of chronic rejection consisted mainly of 
ascites. hydrothorax, and lethargy. 
TABLE 1. Orthotopic cardiac transplantation in DLA-identical beagle littermates 
Recipient No. Sex of No. of Sun·ival time Type of rejection Cause of death and Sex donor biopsies (days) 
1. BD 2149 M M 1 14 Delayed acute rejection Pneumonia 
2. BD 2199 M M 2 14 Delayed acute rejection Narcosis 
3. BD 645 M F 2 17 Delayed acute rejection Pneumonia 
4. B 2176 F F 2 17 Delayed acute rejection Heart failure, 
narcosis 
5. BD 1230 M F 3 26 Delayed acute rejection Pneumonia 
6. BD 2325 M F 1 28 Delayed acute rejection Heart failure 
7. BD 2191 M F 3 28 Delayed acute rejection Heart failure, 
narcosis 
8. BD 295 F F 4 29 Delayed acute rejection Narcosis 
9. B 636A F F 2 32 Chronic rejection Heart failure, 
narcosis 
10. B 2191 F F 5 35 Chronic rejection Narcosis 
11. B 644 F M 7 56 Chronic rejection Hemorrhage 
12. BD 2165 M F 9 64 Chronic rejection Heart failure 
13. BD 2300 M M 9 70 Chronic rejection Heart failure 
14. B 1209 F F 9 82 Chronic rejection Heart failure 
15. BD 2216 M F 12 91 Chronic rejection Heart failure 
16. B 2218 F F 10 103 Chronic rejection Heart failure 
17. BD 637 M M 12 124 Chronic rejection Rupture of aorta 
18. BD 2210 M F 20 350 Chronic rejection Heart failure 
19. BD 1229 M F 40 494 Chronic rejection Heart failure 
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FIGURE L Group I, 4th week, lifting of the endothelium and penetration of monocytes in the wall. x 380. 
Gross Findings 
The allografted hearts from the dogs dying of 
chronic rejection showed some diffuse ischaemic 
changes at macroscopic examination. These 
changes consisted of small fibrotic myocardial 
scars as a result of vascular occlusion. Very 
small scars could also be seen at the site of 
biopsy. In the longest surviving allografts nar-
rowing of coronary arteries was visible. 
Weights of the hearts varied from 110 to 165 g 
(normal, :t:85 g). 
Histopathological Findings 
Based on microscopical features three groups 
could be discerned. 
Group I. The histopathological changes in the 
group of eight dogs dying in the first 4 weeks 
were mainly those of delayed acute rejection. In 
the 1st week all biopsies showed relatively slight 
muscle damage consisting of swelling of muscle 
fibers and striations becoming less evident; a 
mild interstitial oedema was also seen. There 
were a few infiltrating lymphoid cells in the 
interstitium and some in the capillaries and 
venules. Capillary and venular stasis and 
thrombosis were slight and scattered. The endo-
thelium was swollen in most vessels including 
the intramural arteries. 
In the 2nd week muscle damage was more 
apparent in the biopsies of grafts surviving 3 or 
4 weeks, with a few foci of muscle fiber vacuoli-
sation and a moderate perivascular lymphoid 
infiltrate. Interstitial haemorrhage, apparently 
from ruptured engorged capillaries, was now 
apparent. Second-week biopsies, from grafts of 
animals dying in the 2nd week, showed histolog-
ical changes similar to the last biopsies in dogs 
dying at week 3 or 4. By the 3rd week, in dogs 
surviving 4 weeks, there was extensive myocy-
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FIGURE :Z. Group II. :2nd week. swelling- of the endothelium with attachment of lymphoid cells. x 380. 
tolysis and oedema. with swelling of muscle 
fibers, striations becoming less evident, and 
pyknotic or disappeared nuclei. Lymphoid infil-
trate was now more marked and diffuse and 
consisted of large blastlike lymphoid cells. 
There was extensive capillary and venular 
thrombosis and haemorrhage. Dogs dying in 
this week had more advanced changes, i.e .. the 
damage was equivalent to the last week for the 
dogs that survived 4 weeks. In the 4th week 
there was a widespread lymphoid cellular infil-
trate and oedema with scattered polymor-
phonuclear leucocytes. Macrophages were now 
prominent. There was extensive muscle damage 
and haemorrhage. TPe lumina of small vessels 
were obhteraterl by the swollen endothelium 
and monocytes. Larger arteries showed lifting of 
the endothelium by oedema and penetration of 
monocytes into the wall (Fig. 1). Capillary chan-
nels were now obliterated by microthrombi. 
Group II. In the group of eight dogs smviving 
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9-18 weeks the sequential changes were modi-
fied. In the 1st week there was slight swelling of 
the endothelium of the arteries without lymph-
oid and polymorph attachment. In the inter-
Btitium there was slight oedema and only an 
occasional lymphoid cell. The myocardial fibres 
showed little damage. 
In the 2nd week a moderate perivascular 
interstitial lymphoid infiltrate occurred and a 
few scattered interstitial hemorrhages were 
present. Small numbers of lymphoid cells were 
dispersed diffusely' in the interstitium. The 
endothelium of arteries was swollen and lymph-
oid cells were adherent to this swollen endothe-
lium (Fig. 2). Arteriolar walls were thickened 
and nuclei were prominent in the walls. Capil-
laries were dilated and conspicuous with promi-
nent endothelial cells and nuclei (Fig. 3). There 
was focal muscle damage with vacuolisation. 
















FIGURE 3; Group II, 2nd week, dilated capillaries with enlarged nuclei. (Arrows) x 380. 
FIGURE 4. Group II, week 15, hyalinisation of arteriolar wall with widely patent lumen. x 380. 
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became less marked and there was very little 
interstitial oedema and hemorrhage. The main 
changes now took place in the arteries and 
arterioles. In the larger intramural arteries there 
was medial proliferation and swelling of the 
endothelium. with great reduction of the lumen. 
Fibrinoid necrosis. however. was never seen. 
The walls of the arterioles now shmved marked 
thickening with reduction of the lumen. Occa-
sional vessels of the size of arterioles were seen 
in which there was no cellular proliferation but 
instead hyalinisation of the wall and a widely 
patent lumen (Fig. 4). The swollen endothelium 
of capillaries and arterioles often blocked the 
lumen and in these vessels thrombus occurred. 
The muscle damage appeared to follow the 
vascular changes. showing mainly atrophy and 
reduction of fiber diameter. Occasional areas of 
more severe damage with myocytolysis and 
fiber necrosis and rarely infarcted areas, associ-
ated with vessel occlusion, were biopsied. In 
most biopsies capillaries were very prominent. 
Many of them appeared -normal. others were 
dilated. while others with S\vollen endothelium 
were obstructed (Fig. 5). 
Group III. In the longest surviving three dogs 
the early histological changes were very slight 
with only a mild lymphoid infiltrate in a peri-
vascular position. By' the 3rd v.'eek the intramu-
ral arterial and arteriolar walls were showing 
thickening due to increase in the smooth muscle 
cells of the media {Fig. 6). In the following 
weeks this progressed slowly so that the lumen 
of these vessels was narrowed. A few micro-
thrombi could be seen in some capillaries and 
monocytes were attached to the endothelium of 
others. Only small foci of muscle damage could 
be found. Lymphoid infiltrate was scant and 
focal (Fig. 7). Arterial medial proliferation pro-
gressed in the epicardial and intramural arter-
ies. This change could be found in all biopsies 
and appeared to be diffuse. The arteriolar walls 
also became progressively thickened (Fig. 8). 
Capillaries became much more easily detecta-
ble and many were so dilated that their lumen 
was comparable to that of small arterioles. At 
the same time vessels with hyalinised walls and 
dilated lumens also became prominent. A few 
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capillaries had monocytes attached to the endo-
thelium and others were obliterated by throm-
bus (Fig. 9). 
The rate of endothelial swelling and subse-
quent obliteration in these capillaries appeared 
slow but all stages of obliteration could be 
demonstrated. With the progression of the vas-
cular lesions interstitial fibrosis and myocardial 
fiber atrophy occurred. Small foci of more acute 
degeneration and infarction could also be found. 
The cellular infiltrate always remained slight 
and focal. Coronary arteries at postmortem 
microscopical examination showed extensive 
medial proliferation with almost complete ob-
struction of the lumen (Fig. 10). 
DISCUSSION 
In this series for the cardiac allografts re-
jected within 4 weeks, the sequential changes 
were those of delayed acute rejection, with the 
dogs dying in the 4th week showing some of the 
early vascular signs of chronic rejection. In the 
animals surviving from 4-18 weeks the early 
acute changes were less marked and sub-
sequently the vascular lesions became domi-
nant features. Small foci of more acute damage 
continued to occur. One feature of these biop-
sies was distension and prominence of the capil-
laries which, however, appeared to be subse-
quently obliterated by swelling of the endothe-
lium, attachment of monocytes, and throm-
bosis. Newly opened capillary channels, too, 
were subsequently obliterated. The arterioles 
of these biopsies also showed medial prolifera-
tion and subsequent obliteration. Other vessels 
with thickened walls were apparently arterized 
dilated capillaries with hyalinisation. These 
vessels seemed to form anastomotic channels. 
In the longest survivors the early changes were 
very slight and the more chronic vascular 
lesions developed gradually. The rate of vascu-
lar, and especially endothelial damage appar-
ently occurred slowly enough to allow the open-
ing and dilation of the capillaries to provide an 
alternative vascular supply for the muscle 
fibers. Apparently, obliteration of these capil-
laries occurred very slowly and focally. 
In all the biopsies it was shown that there is 
marked oedema and thickening of the media of 
FIGURE 5. Group II, week 17, capillaries, some obstructed (arrow), others with swollen endothelium. x 380 . 
• 
·I • 
FIGURE 6. Group III. 3rd week, thickening of the arterial wall. x 380. 
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FIGURE I. Group III, 5th week, scant and focal lymphoid infiltrate. x 380. 
FIGURE 8. Group III, week 20. thickening arteriolar wall. x 380. 
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FIGURE 9. Group III, week 65, obliteration of capillary. x 380. 
FIGURE 10. Group III, postmortem. coronary artery; severe narrowing of the lumen. x 100. 
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the vessels of all myocardial layers and that 
these medial changes in the intramural vessels 
are as severe as in the epicardial vessels, 
although the intimal and subintimal lesions are 
not so marked. If this thickening of the vessels 
results in ·rigidity of the arteries and arterioles 
and inability to dilate, as appears so from the 
histology, then the influence on myocardial 
function of the intramural vessel damage may 
be as significant as that of the epicardial vessel 
damage. It has been shown that the subendo-
thelium depends for its blood supply on blood 
flow during diastole, associated with dilation of 
subendocardial vessels (3), and on whether in 
the ischaemic state the vessels are probably 
constantly maximally dilated (7). The vessels 
involved are most probably those capable of 
vasomotion, predominantly arterioles, but the 
role of the large intramural arteries is unknown. 
There is evidence, too, that the capillary bed is 
of importance (4). This has two consequences 
for the transplanted heart, the first being that 
even with relatively mild main coronary artery 
obliteration, as occurs in a few long surviving 
hearts, the subendocardial vessels will still not 
be able to dilate in diastole with subsequent 
anoxia of the muscle. Second, if the main 
coronary arteries are stenosed by intimal prolif-
eration, as occurs in many chronic allografts, 
the subendocardial vessels will not be able to be 
in that state of constant dilation seen in the 
ischemic nontransplanted heart, again with the 
deleterious effects on the myocardium. This 
might also explain why the most severe myocar-
dial damage in long surviving cardiac allografts 
is predominantly subendocardial. 
Although the limiting factor in chronic trans-
plants is the degree of damage to the endothe-
lium and subsequent obliterative processes, 
from our studies the rate of response to the 
obliterative damage by opening of vascular 
anastomoses from the capillary bed may be 
equally important. 
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Rapid, severe damage will obliterate any 
collateral vessel that develops whereas a slow 
obliterative process will allow time for collater-
als to develop and the vessels formed will not be 
immediately obliterated. 
A striking phenomenon observed in the 
results in this series is the long survival times. 
This was not found in experimental skin and 
kidney transplantations in identical beagle lit-
termates (10). One difference in the transplan-
tation procedure that may be of immunological 
significance is the use of a large amount of 
mongrel donor blood for extracorporeal circula-
tion and postoperative management. Possibly, 
this plays a role in modifying the immune 
response. Rather disappointing is the conclu-
sion that results described in this article are 
giving more evidence to the known fact that 
narrowing of allograft arteries resembles more 
or less the original disease for which heart 
transplantation ought to serve as a therapeutic 
measure. 
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Myocardial Radiopaque Markers Used to Quantify Minor Axis 
Shortening for Follow-Up Studies in Experimental Surgery 
I. Recording and Analysis Techniques 
RoNALD W. BROWER, OLAF C. PENN and HARALD J. TEN KATEN 
II. Comparison with Contractility Indicesl 
OLAF C. PENN, RoNALD W. BROWER and GEERT TH. MEESTER 
Thora.."Xcenter and Laboratory for Experimental Surgery, Erasmus University, 
Rotterdam 
Key Words. Dogs · Konigsberg transducer · Digitizing pen · Contractility · 
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Abstract. This work further validates the use of radiopaque epicardial marker 
motion for quantifying myocardial shortening in long duration follow-up studies. 
Mean velocity and extent of minor axis shortening were determined in 8 dogs 
filmed daily for 6-10 days postoperative. As an independent measure of contractili-
ty, peak dP/dt was also determined. A useful approximation to the mean ejection 
slope was developed which uses the end diastolic minor axis 50 msec after the Q 
wave, and end systolic minor axis 150 msec after the Q wave of the ECG. 
Introduction 
In order to quantify myocardial shortening after surgery only a few 
noninvasive direct methods are available for studies in experimental and 
1 This work was supported by grant 74086 from the Netherlands Heart Founda-
tion. Dr. BROWER was supported by the Foundation for Medical Research (FUN-
GO) which is subsidized by the Netherlands Organization for the Advancement of 
Pure Research (ZWO). 
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clinical cardiology. Such methods have the advantage of being nontrau-
matic and easily repeated and are therefore of interest especially in long 
duration chronic preparations. Previous experience in our laboratory 
[PENN et al., 1976] as well as elsewhere [HARRisoN et al., 1963; MIT-
CHELL et al., 1969] has shown that radiopaque myocardial markers can 
provide direct, accurate, and unambiguous information from man 
[McDoNALD, 1970, 1972; INGELS et al., 1975], and from a variety of 
common experimental animals under diverse conditions [RUSHMER, 1954; 
NoBLE and MILNE, 1969]. Furthermore, mean velocity of minor axis 
shortening, V ma> from epicardial and endocardial radiopaque markers 
had previously been introduced to study functional changes during chron-
ic rejection following orthotopic canine cardiac transplants in dogs [Bos 
and MEETER, 1971; PENN et al., 1975] and acute myocardial infarction in 
swine [HEIKKILA et al., 1972]. 
Despite the fact that we had little experience with this method, signifi-
cant changes in V ma were demonstrated [PENN et al., 1976]. However, 
a great deal of variation in the data was apparent which needed further 
work to clarify its origin. Encouraged by these preliminary results and 
convinced of the benefits of a well-tested noninvasive method, the animal 
experiments described herein were conducted in order to improve the reli-
ability of this method. The intent of these investigations was to: (1) per-
fect the data recording and analysis techniques; (2) simplify the calcula-
tion procedures for routine use; (3) compare V ma with well-known vari-
ables used to quantify myocardial function, i.e. peak dP/dt and V max-dev, 
and (4) compare V ma values derived from epi- and endocardial mar-
kers. 
Material and Methods 
8 beagles weighing from 10 to 14 kg provided technically adequate data over a 
period of 1 week to 10 days. The animals were induced and anesthetized with thio· 
pental-natrium. Pancuroniumbromide and fentanyl were employed for muscle relax-
ation and analgesia, respectively. The dogs were maintained during surgery on 330/0 
0 2 and 67°/o N 20. Tidal volume and respiration rate were adjusted to maintain a 
constant end expired C02 of 4-5°/o. The heart was exposed by a left thoracotomy at 
the fourth intercostal space. Two types of radiopaque markers were attached to the 
myocardium: a small silver ring or 0-type marker which was sutured to the epicar-
dium in the first group of 3 dogs; and an H-type marker used in the second group 
of 5 dogs. This marker consists of a sharp tipped inner clip and a blunt tipped outer 
clip, connected by a 5- to 7-mm long rubber thread. With the help of a harpoon-like 
'""''"'' 1cm 
Fig. I. Two types of markers were used: the H·type consists of two silver mar~ 
kers separated by a rubber band; and the O·type is similar to a l·mm thick washer. 
The 0-type is used only on the epicardium, while the H·type is used to mark both 
epi· and endocardium. The sketch of the heart in the left lateral view shows the 
H·type markers in place. The arrow indicates the direction of the roentgen beam for 
P·A filming. A Konigsberg pressure transducer is implanted to record LV pressure. 
device, described previously [HEJXKrr...A et al., 1972], the sharp end of the H~type 
marker is introduced through the left ventricular wall. Mter being released by the 
device- this clip demarcates the endocardium and the blunt tipped clip borders the 
epicardium. 
The markers were attached to the midpoint of the left ventricle wall in a plane 
perpendicular to posterior~anterior projection (fig. 1). 
An elongation of 200/o over unstressed length produces in the elastic segment 
connecting the markers a force of 6 K dyn which is shown below to be small com-
pared to other wall forces developed during systole. We have preferred to implant 
these markers with the heart exposed so as to be certain of constant marker position 
during follow-up. However, this is not a fundamental limitation of the method as 
CARLSSON and MILNE [1967] have shown satisfactory results implanting endocardial 
markers for other projections using tantalum helices mounted on a specially con-
structed catheter. 
The influence of the silver markers on the surrounding myocardial tissue has 
been described [PENN et al., 1976]. The radiopaque markers were attached to the 
myocardium of 5 dogs during periods ranging from 14 to 494 days. In all cases the 
histological findings were similar. There were no gross signs of tissue degeneration. 
Macroscopically the markers as well as their rubber bands were embedded in fibrot~ 
ic material which could be easily peeled off the markers. Microscopically the im-
plants were found to be surrounded by a thin layer of dense fibrous tissue. No signs 
of any infiltrate were present in these types of foreign material. 
Minor axis shortening was followed as CARLETON and Curui: [1968] and Ross et 
al. [1967] have established that the predominant change in ventricular dimensions 
involves the transverse diameter. 
Following placement of the markers a calibrated Konigsberg pressure transducer 
(Model P 20) was introduced into the left ventricle through the apex and secured by a 
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purse string suture. Calibration was performed just prior to insertion. In 3 of the 
dogs this was repeated on autopsy. The pressure sensitivity was found to be constant 
but some variation in the zero or baseline pressure was apparent. Hence only rela· 
tive changes within a single pressure recording could be relied on. 
Also a bipolar pacemaker electrode was attached to the atrium in order to con· 
trol the heart rate during recordings. All connecting leads were tunneled subcuta· 
neously to the back, led out between the dorsal aspect of the scapulae and were 
packed away in a small box strapped onto the dog's back. 
Daily postoperative left ventricular pressure recordings, cinefluorography, and 
ECG recordings were made at rest or during pacing in conscious dogs. Occasionally 
10 mg nicomorphine hydrochloride was administered intramuscular in case of ex-
citement during recordings. Positioning of the dogs was mainly frontal for poster~ 
ior-anterior projection. Care was taken to consistently reposition the dogs on each 
follow-up day. 
Roentgen films of marker position were made at 50 frames a second. All signals: 
frame and time markers, ECG lead 2, and left ventricular pressure were recorded 
simultaneously on a UV recorder (paper speed 125 mm/sec). 
A 1-cm grid was filmed at the midthoracic level for calibration of the film re-
cording. 
Analytic Methods 
The myocardial marker motion was recorded on a 35-mm film and projected 
with a Vanguard projector (Model. M 35, case S 20), showing the left ventricle 
about three times its actual size. From the pressure and ECG tracings the first five 
consecutive and adequately exposed contractions were chosen for analysis and the 
corresponding epicardial and endocardial marker distances were measured frame 
by frame a Vernier caliper reproducible within 0.2 mm of the projected 
diameter. Two of these five beats were also measured in the diastolic period. No 
corrections for nonparallel beam distortion of pin-cushion distortion were made 
(small distance changes were measured and only relative parameters calculated). 
Contractions directly following extrasystoles or associated with an irregular ECG 
pattern were ignored. 
The measured values were plotted against time to identify the contraction pat-
tern defined as the time course of minor axis shortening. From this, V ma and ex-
tent of shortening (ExS) were calculated from the diameter change during ejection. 
The end diastolic minor axis (Med) was measured from the exposure made 40-
60 msec after the onset of the Q wave of ECG (cineframe interval time= 20 msec). 
The minor axis at the end ejection (Mes) was measured from the exposure just 
preceding the moment that dP/dt reached -200 mm Hg/sec; this operational defini-
tion of end systole is described elsewhere [MEESTER et al., 1975]. Epicardial and en-
docardial extent of shortening were calculated as the relative diameter change: 
Med- Mes 
ExS = x 100 (%). 
M" 
(!) 
Epicardial and endocardial Vma were calculated as the relative diameter change 
divided by the corresponding time interval L1T, required for shortening: 




The time of occurrence of the actual maximum (Mmax) and minimum (Mmin) diame-
ter was compared with the time of occurrence of the diameters Mea and Mes at 
the moments defined above. 
From the pressure recordings peak dP/dt and developed Vmax (Vmax-dev) were 
calculated: Ymax is the linear extrapolation of dP/dt/P from developed pressure to 
P = 0 using the least squares criterion. The range of extrapolation from developed 
pressure extended from 10 mm Hg above ED pressure to 70°/o of developed peak 
pressure. 
Results 
Pattern of Contraction 
In both groups of dogs the epicardial minor axis was measured in over 
400 beats in order to characterize the pattern of contraction. 
By tbe last third of diastole, diastasis, the minor axis had reached its 
maximum and there was little or no further increase. During atrial con-
traction an a-wave was seen in tbe LV pressure and the minor axis; in 
260fo of all beats tbe a-wave was coincident with the onset of the Q wave 
of tbe ECG, in 310fo preceded the Q wave by 0-40 msec, and 390fo it fol-
lowed the Q wave by 0-40 msec. There was no apparent a-wave in 40fo. 
Characterization of tbe isovolumic period revealed seven different pat-
terns as shown in figure 2. In 570fo of tbe measured beats there was short-
ening over the complete isovolumic period, this was followed by a less 
rapid shortening during ejection in 90fo (type 1), no change in the shorten-
ing slope during ejection in 36'1o (type 2) and a more rapid shortening 
during ejection in 120fo (type 3). 
In 430fo of all the beats a plateau in shortening was found during open-
ing of the aortic valves: 100/o showed a weaker contraction during 20-
40 msec (type 4), 80fo showed no contraction during 20-40 msec (type 5), 
in 80fo the minor axis increased 1-5 mm (type 6) while in 170fo tbe increase 
was so strong that the diameter exceeded the maximum value during the 
a-wave (type 7); however, 140fo of these came from 2 dogs filmed in a 
somewhat more lateral position than tbe rest of tbe group. 
The most rapid shortening occurred in the first half of ejection, and a 
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Fig. 2. Seven distinct patterns of minor axis shortening were observed during the 
isovolumic phase and early ejection phase. These are divided into two major groups: 
57°/o showed no pause or plateau during opening of the aortic valve, while 430/o 
showed either a plateau or a temporal reversal. The reversal in shortening (170/o) is 
generally associated with viewing the minor axis somewhat off the perpendicular 
and is probably due to heart rotation. 
During isovolumic relaxation there was normally a 3-6% increase in 
diameter. In some cases, associated with lower heart rates, a second reduc-
tion in diameter was found (0.4-2 mm). Therefore, the LV diameter dur-
ing this second wave can be up to 2 mm smaller than that at end ejection. 
Within the first third of diastole, rapid filling phase, the minor axis 
reached 70-90% of its end diastolic value. 
Maximum and Minimum Diameter 
The moments that the actual maximum and minimum diameters oc-
curred were compared with the criteria described above which are based 
on the ECG and LV pressure curves. The mean delay time from the onset 
of the Q wave to the actual maximum diameter was 19 msec (SD = 
Fig. 3. A The relative frequency distribution of the measured maximum minor 
axis (Mmax) within 20 msec windows measured from the Q wave of the ECG is 
shown. By measuring 50 msec after the Q wave, one is assured in 78f1/o of cases of 
being in the ejection phase and measuring on the relatively constant slope portion of 
the ejection curve. B The minimum minor axis (Mmin) is measured with respect to 
the moment that dP/dt reaches -200 mm Hg/sec since the ECG cannot be relied on 
to help define end systole. 
29 msec). In 78°/o of all events the maximum was reached within 50 msec 
of the onset of the Q wave and in 12% the minor axis was found over 
50 msec after the onset of the Q wave (fig. 3A). The moment that the mi-
nor axis reached its minimum, was not compared with the ECG because 
of variations in heart rate during the follow-up, but with the LV pressure 
curve. In 3% of the measurements the minimum diameter occurred before 
dP/dt reached -200 mm Hg/sec, and 97% occurred later. Mean delay 
time was 28 msec, SD = 20 msec (fig. 3B). 
Derived Variables from the Minor Axis 
In the majority of cases a nearly constant slope in the minor axis vs. 
time plot was observed in the time interval from 50 msec after the Q 
wave to when dP/dt first exceeds -200 mm Hg/sec. Therefore, V m• and 
the extent of shortening ExS were calculated using the two cineframes just 
within this time interval. All follow-up marker data are summarized in ta-
ble I. The mean epicardial V ma of all 8 dogs measured daily for 6 days 
after surgery was 0.72 ± 0.16 sec-• (mean ± SD); however, each dog had 
a narrower range of V ma: for all dogs SD = 22% of the mean value, but 
averaged dog by dog SD = 13% of the mean values (fig. 4). The epicardi-
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Fig. 4. The mean velocity of minor axis shortening, V ma• is shown for all 8 
dogs on each measurement day (from 6 to 10 postoperative days). Taken as a whole 
the standard deviation is 22°/o of the group mean, but each dog has its own and dif-
ferent mean with an individual standard deviation only 130/o of the individual mean. 
Inter-dog variation is due to different marker positioning on the myocardium. 
Endocardial V ma and ExS were calculated from the group of 5 dogs 
with the H-type markers: the mean 6-day postsurgical endocardial V m' 
and endocardial ExS were 1.58 ± 0.30 sec-1 and 19.3 ± 2.6%, respec-
tively. The epicardial and endocardial V rna relation for these 5 dogs 
over 6 days was: 
Yma epicardial =0.39 x Yma endocardial +0.1 1, 
Sy,x~0.073, r~0.85, p<( 0.001. (3) 
Specific frame by frame correlations between epicardial and endocardial 
diameter were made daily for 6 days for 2 dogs (Dogs 4 and 5). None of 
these correlations showed a correlation coefficient lower than 0.97. 
Left Ventricular Pressure Derived Variables 
Left ventricular pressure, peak dP/dt, and V max-dev are summarized in 
table II. No significant differences were found between the 6 follow-up 
days. The mean peak dP/dt was 4,322 mm Hg/sec, SD ~ 924, while the 
mean Vmox-dev was 131 sec', SD ~ 20, both from 8 dogs over 6 days. 
Table I. Heart rate, mean velocity of minor axis shortening, and extent of shortening 
(averaged over five consecutive beats) is shown for each dog for the first 6 postoperative 
follow~up days 
Dog Day I Day 2 Day 3 
No. HR Yma ExS HR Yma ExS HR Yma ExS 
b/min sec-1 % b/min sec-1 % b/min sec-t % 
Epicardial 181 0.82 9.4 107 0.72 10.2 102 0.80 10.7 
2 170 0.75 6.3 120 0.90 8.3 114 0.74 8.1 
3 174 0.38 2.4 168 0.68 6.1 134 0.61 6.7 
4 !52 0.68 7.4 !52 0.89 8.2 !54 0.83 9.7 
5 184 0.90 9.1 177 0.71 7.7 163 0.73 8.6 
6 !55 0.78 9.2 !50 0.55 6.7 133 0.68 9.5 
7 166 1.00 9.7 164 0.92 10.8 121 0.41 5.9 
8 !54 0.70 8.3 129 0.68 8.5 121 0.59 8.3 
Endocardial 4 !52 1.64 18.0 152 1.92 17.6 !54 1.79 20.9 
5 184 2.17 21.9 177 1.92 20.5 163 1.65 19.5 
6 !55 1.64 19.2 !50 1.21 14.8 133 1.39 19.1 
7 166 2.30 22.2 164 1.77 20.8 121 1.13 16.1 
8 !54 1.29 15.2 129 1.20 15.1 121 1.14 15.9 
The H~type marker was used in the latter 5 dogs allowing determination of-endocardial 
shortening as shown in the last five lines of the table. 
The relation between V ma (epicardial) and V max-dev was: 
Vma = 0.0044 X Vmax~dev + 0.14, 
S,.x ~ 0.137, r ~ 0.55, p < 0.001. 
The relation between V rna (epicardial) and peak dP/dt was: 
Vma ~ 8.7 X w-· dP/dt + 0.35, 
Sy.x ~ 0.142, r ~ 0.50, p < 0.001. 
Discussion 
Comparison with other Techniques 
(4) 
(5) 
At least six techniques have been described for the direct measurement 
of myocardial dimensions: ventriculography [MITCHELL et al., 1969; Hu-
GENHOLTZ et al., 1969] using contrast injection, ultrasonic echo [BROWER 
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Table I (continued) 
Day 4 Day 5 Day 6 Days 1-6 
HR Vma ExS HR Ym, ExS HR Ym, ExS HR Ym, ExS 
b/ sec-1 " b/ sec-1 % b/ sec-1 % b/min sec-1 % 
'" 
miq min min meanSD mean SD mean SD 
101 0.62 10.1 134 0.54 6.8 134 0.68 9.3 126 28 0.70 0.11 9.3 1.5 
150 1.03 9.8 139 0.98 9.8 135 1.03 9.9 138 20 0.91 0.13 8.7 1.4 
130 0.52 6.6 133 0.49 7.1 120 0.44 6.0 143 22 0.52 0.11 5.8 1.7 
147 0.84 11.1 137 0.80 10.6 137 0.97 11.4 147 8 0.84 0.10 9.7 1.6 
166 0.77 9.3 168 0.78 8.6 177 0.83 9.4 173 8 0.79 0.07 8.8 0.6 
121 0.58 8.4 95 0.60 10.3 126 0.56 8.8 130 22 0.63 0.09 8.8 1.2 
137 0.85 10.3 128 0.78 11.3 124 0.70 9.0 140 20 0.78 0.21 9.5 1.9 
135 0.58 5.9 119 0.68 8.2 121 0.62 8.0 130 13 0.64 0.05 7.9 1.0 
147 1.66 22.0 137 1.62 21.3 137 1.78 21.2 147 8 1.74 0.12 20.2 1.9 
166 1.77 21.4 168 1.79 19.7 177 1.86 21.1 173 8 1.86 0.18 20.7 1.0 
121 1.39 20.2 95 1.28 21.9 126 1.27 19.7 130 22 1.36 0.15 19.2 2.4 
137 1.72 20.9 128 1.60 23.3 124 1.60 20.8 140 20 1.69 0.38 20.7 2.5 
135 1.35 13.8 119 1.30 15.8 121 1.38 17.5 130 13 1.28 0.09 15.6 1.2 
et al., 1975], ultrasonic transit time [SASAYAMA et al., 1976], specially con-
structed radiopaque markers implanted either by catheterization [CARLS-
soN and MILNE, 1967; NOBLE and MILNE [1969] or surgery [HEIKKILA, 
1972; INGELS et al., 1975; PENN et al., 1976], and strain gauge based di-
mension transducers [RUSHMER, 1954]. It is well known that both ventri-
culography and ultrasonic echos give inaccurate measurements of end 
systolic dimensions due to infolding of the trabeculae. Ultrasonic transit 
time is attractive since it leads to a direct readout of dimension. However, 
its use in measuring wall thickness is complicated by the need for myo-
cardial surgery to implant the receiver crystal; and if placed on the endo-
cardial surface, it may also be subject to trabeculae infolding. The strain 
gauge based methods can provide direct readout of dimensions and can 
be designed to minimize artefacts due to the trabeculae. However, these 
generally are not well suited for chronic implantation being bulky and in 











pressure was determined from the same 8 dogs shown in table I 
Day 1 Day 2 Day 3 Day4 
LVP dP/dt Vmax LVP dP/dt Vmax LVP dP/dt Vmax LVP dP/dt 
mmHg mmHg sec-1 mmHg mmHg sec-1 mmHg mmHg sec-1 mmHg mmHg 
/sec /sec /sec /sec 
163 5,827 159 196 6,065 154 176 5,840 172 198 5,613 
147 5,543 139 139 4,887 150 142 4,520 144 156 5,071 
133 3,321 113 121 3,805 138 125 3,627 127 121 2,878 
110 3,692 115 125 4,976 130 150 4,488 135 140 4,329 
168 6,343 149 166 5,387 136 160 3,876 131 174 4,374 
133 4,236 132 140 3,522 115 160 4,451 134 152 4,432 
125 4,511 121 125 3,610 115 131 2,810 105 130 3,649 
126 4,031 109 150 4,430 131 141 3,112 116 161 4,383 
the long-term having an unstable baseline. This leaves the radiopaque 
markers, which can provide very accurate and noninvasive follow-up; 
their major disadvantage being the time-consuming measurement tech-
nique requiring frame by frame measurement from cinefilms. 
Recording and Analysis Techniques 
We have found the consistent positioning of the dogs in relation to the 
Roentgen apparatus for maximal marker separation in the lateral or AP 
projections to be crucial for reproducible measurements of ExS and 
v rna• It is well known that since the angle e between true minor axis 
and projected minor axis (MA obs. ~ MA true X Cos e) appears in 
both numerator and denominator of ExS and V rna• these calculations 
are largely self -correcting for repositioning errors. This, however, neglects 
the fact that the heart rotates during ejection, and depending on the view-
ing position, this may either over or underestimate the fractional shorten-
ing. In order to avoid this problem with systolic rotation it is necessary to 
either film in the plane perpendicular to rotation of the marker pairs, or 
use biplane filming techniques. The first possibility is not practicable, 
since the position of the markers (minor axis) requires filming in a posi-
tion (direction from base to apex) which is difficult to achieve in animals 
and gives technically inferior results. The use of biplane roentgen tech-













Table II (continued) 
Day5 Day 6 Days 1-6 
LVP dP/dt Vma.x LVP dP/dt Ymax LVP dP/dt Vma.x-dev 
mmHg mmHg sec-1 mmHg mmHg sec-1 mmHg mmHg/sec sec-1 
/sec /sec mean SD mean SD mean SD 
190 5,426 142 185 15 5,754 243 156 II 
140 5,120 156 130 5,360 163 127 7 5,075 360 155 14 
137 2,877 125 124 2,388 113 127 7 3,149 532 120 13 
132 3,525 132 138 4,036 124 133 14 4,170 536 129 8 
175 4,359 153 164 4,544 158 168 6 4,815 897 145 10 
155 4,191 127 181 4,452 119 153 17 4,214 358 125 7 
145 4,254 140 120 2,984 109 129 9 3,636 672 119 12 
148 3,548 85 157 4,420 107 147 13 3,987 548 107 16 
measurements. However, this is not a practical solution in many institu-
tions because of the expense and increased time for analysis. On the other 
hand, it can be shown that the error due to systolic rotation is minimized 
when the dog is positioned for maximal projected marker separation in 
the lateral to AP projection. Consistent positioning of the animal in this 
way thereby achieves two goals: (1) a consistent systematic error, and (2) 
the minimal systematic error achievable by lateral or AP filming. This is 
not entirely in agreement with McDONALD [1970] who concluded that 
cardiac rotation had only small effects. The effects are small only if the 
correct projection is used. 
As the elastic segment exerts a force to hold the markers to the wall, it 
is pertinent to show that this force does not impede wall thickening during 
systole. Assuming a mean systolic pressure of 100 mm Hg and the applic-
ability of Laplace's law (radius = 2.5 em), then wall tension is 332 K 
dyn/cm. The average tension over the length of the marker for a 30°/o in-
crease in elastic segment length is 9 K dyn/cm. Thus, the tension contrib-
uted by the elastic segment is about 3% of wall tension during systole 
and should not contribute an important error although a slight deforma-
tion of the epicardial surface is apparent. 
Also, we did not observe any exaggerated motion of endocardial mar-
ker ascribable to rotation or interference with the trabeculae or papillary 
muscles; the position of the image to maximize marker shortening, effec-
tively minimizes rotation effects. Further, the shape of the marker stabi-
lizes the orientation of the endocardial marker between the trabeculae. 
The great variety of patterns of contraction shown in figure 2 confirms 
and extends results reported by others [McDONALD, 1970; KONG et al., 
1971; INGELS et al., 1971]. These patterns are important because they 
have a direct bearing on the analytic methodology appropriate for quanti-
fying marker shortening. For example, RUSHMER [1956] was among the 
first to observe that endocardial minor axis measured from an implanted 
gauge increases during isovolumic systole. 3 of the 4 types of shortening 
reported by McDoNALD [1972] concerning the spectrum of abnormality 
in LV hypertrophy in patients were seen in our normal dogs. We did not 
see paradoxical motion in our group however. 
The variety in the pattern of contraction complicates the job of defining 
a simple rule for determining ExS or Vma which can be applied uni-
formly and objectively. Nevertheless, as indicated the results, there was 
usually a constant shortening slope during ejection which could be estimat-
ed by the following rule: measure the minor axis at 50 msec after the on-
set of the Q wave of the ECG and the minor axis 100 msec later or at the 
first local minimum. This is similar to the rule proposed by KARLINER et 
al. [1971] for use in man. 
It was also discovered that respiration could have dramatic effects not 
only on the LV dimension but also on the contraction pattern. HARRISON 
et al. [1963] have previously reported the effect of deep respiration on 
myocardial dimensions, but they did not report how this can also effect 
the pattern of contraction. We have found this to be especially apparent 
during rapid and shallow breathing or panting when the respiration rate 
would approach or exceed the heart rate. When this condition occurs, a 
curious 'heterodyne' effect becomes manifest which can be seen in several 
heart beats as shown in figure 5. The result is an apparent wobble in the 
beat by beat minor axis with a frequency of f,-fh where f, is respiratory 
frequency and fh is heart beat frequency. To average out this wobble it is 
necessary to average N heart beats, N ~ fh/(f,-fh) or to carefully select 
beats for analysis midway through the wobble. 
Figure 3 shows the relative frequency distribution in time of the mea-
sured maximum CMmax) and minimum CMmio) minor axis. The timing of 
M,a was measured with respect to Q wave onset in ECG lead 2. The ar-
row in figure 3A indicates the 50-msec delay used by KARLINER et al. 
[1971] in humans. Our data show that the maximum occurs on average at 




Fig. 5. When there is a shallow and rapid respiration as in panting1 respiratory 
frequency can exceed heart rate. This results in a 'wobble' in the minor axis short~ 
ening which is more manifest in diastole than systole. The bar representing the car-
diac cycle shows systole as a darkened bar while diastole is open. Similarly for re-
spiration, the darkened bar shows expiration and the open bar inspiration. 
the ejection slope in 80% of cases. Mmin was difficult to pinpoint as the 
minimum would often be broad and spread out over the latter third of 
systole as has been seen in echocardiographic studies [BROWER et a!., 
1975]. This is in agreement with WILDENTHAL and MITCHELL [1969] who 
also found no discernible pattern in dogs for identifying the moment of 
end systole based on the dimensional data alone. In figure 3B the arrow 
represents the point in time where left ventricular dP !dt reaches -200 mm 
Hg/sec. In fact, the average Mmin occurred about 30 msec later. As a 
practical matter in long duration chronic studies, the left ventricular pres-
sure is not usually available. Hence, criteria! for identifying M" based 
on pressure would not be useful in this context. The Q wave of the ECG, 
being useful as a landmark for establishing M," is also not useful in this 
context because of the variation in ejection time between dogs and for dif-
ferent heart rates. Hence, for extent of shortening (ExS) the only practical 
possibility at this point seems to be to use the first local minimum in min-
or axis shortening occurring after Mmax· It is seldom found that Mmio oc-
curs within 100 msec. Hence, a useful approximation to the mean ejection 
slope is the following: measure M,a at 50 msec after the Q wave, mea-
sure M, 100 msec after Mea· This results in a simple quick and rela-
tively reliable estimate of v rna. 
Finally, the reproducibility of caliper for recording dimensions was 
better than 0.2 mm of the projected diameter ( = 3 X anatomical dimen-
sion). A digitizing pen system is available with a resolution of 0.3 mm 
which would speed up the data acquisition phase. INGELS et a!. [1975] re-
port satisfactory results with a 0.4 mm resolution. This becomes a crucial 
consideration only when marker separation is less than 20 mm. 
Comparison with Contractility Indices 
As a measure of LV contractility peak dP/dt and Vmax derived from 
developed pressure (V max-dev) have been studied experimentally [PETER-
SON et al., 1974] and theoretically [PoLLACK, 1970]. The justification for 
V max-dev and the initial positive experimental findings described by 
GROSSMAN et al. [1972], suggested that V max-dev was a promising ap-
proach. However, the problems involved in reliably calculating V max-dev 
have overwhelmed its other merits. 
Nevertheless, it was employed in this study since the 'zero level' pres-
sure was unreliable and V max-dev was the only available measure of con-
tractility independent of preload, albeit this point being very controver-
sial. On the other hand, peak dP/dt while sensitive to preload and after-
load is attractive as a practical measurement as most recently suggested 
by QUINONES et al. [1976] who also found that the pre- and afterload de-
pendence was not as severe as previously thought. 
The correlation between peak dP/dt and V max-dev was found to be 
peak dP/dt = 32.95 X Ymax-dev -7.10, 
S,.x = 615.5, r = 0.72, p < 0.001. (6) 
The unexplained variation is due in large part to uncertainties in the ex-
trapolation techniques and differential sensitivity of the two quantities to 
preload and afterload. It is our opinion that the evidence in the literature 
shows that peak dP/dt is the more reliable and useful measurement. 
V ma, on the other hand, is an ejection phase index and necessarily 
dependent on afterload as shown by QUINONES et al. [1976]. 
Vmax-dev, peak dP/dt and Vma all have their origins in the same LV 
contraction and significant correlations are to be expected. But it is overly 
simplistic to expect that a pressure derived isovolumic index and a geo-
metrically derived ejection index are equivalent to the extent that one can 
be used as a replacement for the other. Indeed this is shown in the regres-
sion between V max-dev and V rna and between peak dP/dt and v rna as 
given in equations ( 4) and (5), respectively. 
The low correlation between v max-dev and v rna (correlation coeffi-
cient r = 0.55) was caused in part by the fact that each dog had a differ-
ent value of V max (a different muscle constant) and a somewhat different 
position of its markers, so that slightly different regions of contraction 
were measured. This effect is shown in figure 6, where dogs 1 and 7 are 
plotted separately. Besides the correlation coefficient between peak dP/dt 
and V max-dev is 0.72 (p < 0.001) and this sets an effective upper limit on 
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Fig. 6. The correlation between V max and Vma is shown for 2 dogs representing 
measurements taken over 6-10 days and representing 3 measurements per day. 
There is a significant correlation (with respect to r = 0) in each case: dog 1 (0), 
r = 0.50 and dog 7 (e), r = 0.68. The different regression lines may be due to dif-
ferent muscle constants. It is unlikely that the explanation lies in V rna as in both 
cases V ma is in the normal range. 
It should be remarked that these data were all measured at rest and 
hence, tend to cluster. The correlation coefficients would be greater if the 
heart was stressed during measurement. 
The mean extent of wall thickening was determined during the first 
week postop.: day 1, 100fo; day 2, 10.50fo; day 3, 12.50fo; day 4, 13.60fo; 
day 5, 14.00fo; and day 6, 14.60fo. The apparent increase from day 1 be-
comes significant (p < 0.05) by day 3. It is interesting to note that these 
values are consistently greater than epicardial E,S and consistently less 
than endocardial ExS. SASAYAMA et al. [1976) reports greater values: a 
310fo extent of wall thickening 10 days postop., which was chosen to mini-
mize the trauma associated with surgery while we were particularly inter-
ested in the early postop. period. Others have also reported wall thicken-
ing in the neighborhood of 300fo. For example, MITCHELL et al. [1969] re-
ported a 25-45% increase in dogs and HEIKKILA et al. [1972) found a 320fo 
increase in pigs. The explanation for the difference may be: our definition 
of end diastole and end systole was not based on minimum and maximum 
wall thickness as the others have used; there may have been foreshorten-
ing between the markers even though this caused no problem for minor 
axis determination; finally we recorded in the early postoperative period 
and occasionally used 10 mg of nicomorphine hydrochloride (intramuscu-
lar) to calm the dogs during recording sessions. 
The correlation between endo- and epicardial V rna (see eq. 3) is 
somewhat less (r = 0.85) than might have been expected. There are sev-
eral reasons for this: variation in wall thickness day to day and dog to 
dog; inherent measurement errors, and differential excitation of endo- and 
epicardial layers. Our data show that endocardial V rna on the average is 
double that of epicardial values. One might therefore expect endocardial 
V ma to be a more sensitive measure of LV contraction than epicardial 
V ma· Indeed referring to table I, the ratio of average endo- to epicardial 
V ma in 5 of the dogs is 2.07, 2.35, 2.15, 2.17, and 2.00, respectively, 
but this is accompanied by an increase in the ratio of the standard devia-
tions as well (1.20, 2.57, 1.67, 1.80, and 2.00, respectively). On average 
there is only a slight improvement in the ratio of mean to SD, so that 
while endocardial V ma is greater than epicardial V m» it is not correct 
to conclude that endocardial V ma is much more sensitive or reliable 
than epicardial V ma· 
The epicardial end diastolic minor axis (M,d) was 50 mm averaged 
for all dogs over all measurement days. There was no significant 
(p < 0.05) change in M,a from day 1 to day 6. The ratio of pooled stand-
ard deviation to mean M,d was 6.1•/o. Heart rate on day 1 was consistent-
ly greater than the average HR over the follow-up week; under normal 
circumstances it would be expected that M,a at day 1 would be less than 
subsequent measurements since heart size decreases with HR, everything 
else held constant. However, on day 1 the dog is still recovering from 
surgical trauma and anesthesiology and it may be supposed that the ex-
pected increase in M," as a result of this was effectively compensated by 
the increased HR. 
Conclusion 
The implantation of radiopaque markers on the myocardium provides 
a noninvasive methodology available for postsurgical follow-up studies of 
myocardial shortening. However, several methodological questions needed 
clarification in order to make this method a practical tool. The work re-
ported herein was conducted to help resolve these questions. 
Myocardial markers and a Konigsberg pressure transducer were ap-
plied to the hearts of 8 healthy dogs. To determine the best way to use 
marker motion to quantify changes in the vigor of the left ventricular con-
63 
64 
traction, serial measurements were made daily from 6 to 10 days post-
operative. V ma (mean velocity minor axis shortening) and ExS (extent of 
shortening) were determined from epi- and endocardial markers. As an 
independent measure of contractility peak dP I dt and V max from developed 
pressure were also calculated. The implantation of pressure transducers, 
which would not usually be done in long duration chronic studies, allowed 
us in this case to compare V ma with peak dP/dt and V max-dev. 
It is clear that the reproducibility of the method for determining 
V ma is improved over previous work. Special attention must be given to 
the positioning of the dogs with respect to the roentgen apparatus during 
filming. Position changes are directly seen in the absolute values of the 
minor axis and this information must be used to position the dog for max-
imum minor axis so as to minimize the effects of heart rotation during 
ejection. Normalization of minor axis change to end diastolic dimensions 
removes the necessity to perform a grid calibration, but does not compen-
sate for systematic errors due to heart rotation during systole. The signifi-
cant correlation between V ma and peak dP/dt or V max-dev showed that 
v ma provides information on myocardial contractility, but the inherent 
errors in calculating V max-dev, and the differential sensitivity to preload, 
afterload and heart rate preclude substituting one for the other. V ma 
measured from epicardial markers was consistently less than from endo-
cardial markers, but was no less sensitive nor accurate. 
We suggest that as a practical rule for the efficient measurement of 
V ma in subsequent work, that the calculation be based on frames mea-
sured 50 and 150 msec after onset of the Q wave of the ECG. In most 
cases this provides two measurement points approximating the slope of 
the minor axis shortening. 
References 
Bos, E. and MEETER, K.: Histocompatibility in orthotopic heart transplantation in 
dogs. Trans. Proc. 3: 155-156 (1971). 
BROWER, R. W.; DoRP, W. G. VAN; VOGEL, J. A., and ROELAND, J. R.: An improved 
method for the quantitative analysis of M-mode echocardiograms. Eur. J. Car-
dial. 3: 171-179 (1975). 
CARLETON, R. A. and CLARK, J. G.: Measurement of left ventricular diameter in the 
dog by cardiac catheterisation. Circulation Res. 22: 545-558 (1968). 
CARLSsoN, E. and MILNE, E. N. C.: Permanent implantation of endocardial tantal-
um screws: a new technique for functional studies of the heart in the experi-
mental animal. J. Ass. can. Radio. 19: 304-309 (1967). 
GRoSsMAN, W:; HAYNES, F.; PARAKos, J. A.; SALTZ, S.; DALEN, J. E., and DEXTER, L.: 
Alterations in preload and myocardial mechanics in the dog and in man. Circu-
lation Res. 31: 83-94 (1972). 
HAruusoN, D. C.; GoLDBLATIT, A.; BRAUNWAI.D, E.; GLICK, G., and MAsoN, D. T.: 
Studies on cardiac dimensions in intact, unanesthetized man. Circulation Res. 13: 
448--467 (1963). 
HElK.KII.A, J.; TABAKIN, B. S., and HuGENHOLTz, P. G.: Quantification of function in 
normal and infarcted regions of the left ventricle. Card. Res. 6: 516-531 (1972). 
HUGENHOLTZ, P. G.; KAPLAN, E., and HALL, E.: Determination of left ventricular 
wall thickness by angio cardiography. Am. Heart J. 78: 51:>--522 (1969). 
INGELS, N. B.; DAUGHTERS, G. T.; DAVIES, S. R., and McDoNALD, I. B.: Stereo pho-
togrammetric studies on the dynamic geometry of the canine left ventricular epi-
cardium. J. Biomech. 4: 541--550 (1971). 
INGELS, N. B.; DAUGHTERS, G. T.; STINSON, E. B., and Ar..oERMAN, E. L.: Measure-
ment of midwall myocardial dynamics in intact man by radiography of surgical-
ly implanted markers. Circulation 52: 859-867 (1975). 
KARLINER, J. S.; GAULT, J. H.; ECKBER, D.; MuLLINS, C. B., and Ross, J., jr.: Mean 
velocity of fiber shortening. Circulation 44: 323-333 (1971). 
KoNG, Y.; MORRIS, J. J., and MciNToSH, H. D.: Assessment of regional myocardial 
performance from biplane coronary cineangiograms. Am. J. Cardiel. 27: 
529-537 (1971). 
McDoNALD, I. G.: The shape and movements of the human left ventricle during sys-
tole: Am. J. Cardiel. 26: 221-230 (1970). 
McDoNALD, I. G.: Contraction of the hypertrophied left ventricle in man stUdied by 
cineradiography of epicardial markers. Am. J. Cardiel. 30: 587-594 (1972). 
MEESTER, G. T.; BERNARD, N.; ZEELENBERG, C.; BROWER, R. W., and HUGENHOLTZ, 
P. G.: A system for the on-line analysis of cardiac catheterization data. Catheter. 
cardiovasc. Diag.l: 113-131 (1975). 
MITCHELL, J. H.; Wn.DENTIIAL, K., and MULLINS, C. B.: Geometrical studies of the 
left ventricle utilizing biplane cinefluorography. Fed. Proc. 28: 1334-1343 
(1969). 
NOBLE, M. I. M. and Mn.NE, E. N.C.: Left ventricular filling and diastolic pressure 
volume relations in the conscious dog. Circulation Res. 24: 269-283 (1969). 
PENN, 0. C.; BROWER, R. W.; LEICHER, F.; MEESTER, G. T., and Bos, E.: Orthotopic 
canine heart transplantation: left ventricular contractility during chronic rejec-
tion. J. thorac. cardiovasc. Surg. 71: 526-532 (1976). 
PENN, 0. C.; McDICKEN, I.; Bos, E., and NAUTA, J.: Serial percutaneous biopsies 
from canine orthotopic cardiac allografts. J. surg. Res.18: 615-618 (1975). 
PETERSON, K. L.; SKLOVEN, D.; LUDBROOK, P.; UTIIER, J. B., and Ross, J. jr.: Com-
parison of isovolumic and ejection phase indices of myocardial performance in 
man. Circulation 49: 1088-1101 (1974). 
PoLLACK, G.: Maximum velocity as an index of contractility in cardiac muscle: a 
critical evalution. Circulation Res. 26: 111-127 (1970). 
QUINoNEs, M.; GAASCH, W. H., and ALEXANDER, J. K.: Influence of acute changes in 
preload, afterload, contractile state, and heart rate on ejection and isovolumic 
indices of myocardial contractility in man. Circulation 53: 293-302 (1976). 
65 
66 
Ross, J., jr.; SoNNENBLICK, E. H.; COVELL, J. W.; KAISER, G. A., and SPIRO, D.: The 
architecture of the heart in systole and diastole. Circulation Res. 21: 409-421 
(1967). 
RusHMER, R. F.: Continuous measurements of left ventricular dimensions of intact, 
unanesthetized dogs. Circulation Res. 2: 14-21 (1954). 
RUSHMER, R. F.: Initial phase of ventricular systole: asynchronous contraction. Am. 
J. Physiol.l84: 188-194 (1956). 
SASAYAMA, S.; FRANKLIN, D.; Ross, J.; KEMPER, W. S., and McKoUN, D.: Dynamic 
changes in left ventricular wall thickness and their use in analyzing cardiac func-
tion in the conscious dog. Am. J. Cardiel. 38: 870-879 (1976). 
WILDENTHAL, K. and MITCHELL, J. H.: Dimensional analysis of the left ventricle in 
unanesthetized dogs. J. appl. Physiol. 27: 115-119 (1969). 
CHAPTER6 
DISCUSSION AND CONCLUSIONS 
The model, developed by Bos (19), for chronic rejection after orthotopic canine 
cardiac transplantation in DLA identical beagle littermates was further investigated 
in this thesis. Bos postulated that this standardized model could be used to study the 
course and the characteristic features of chronic rejection in more detail. The 
sequential changes as they occur in the cardiac graft, during this type of rejection, 
still had to be documented and no conventional parameters, such as daily ECG 
recording, proved useful for monitoring the early onset of these observed changes. 
The first aim of this study was to describe the histopathological 
changes that develop during the course of chronic rejection after orthotopic cardiac 
transplantation in DLA identical beagle littermates by means of serial percutaneous 
myocardial biopsies and to determine the time of onset of these changes. 
Secondly, 
left ventricular contractility during chronic rejection was studied by means of a 
non-invasive technique by recording the motion of endocardial markers. 
The tech-
niques and the subsequent results of our investigations are described in four articles 
presented in the previous chapters. 
Chapter two deals with the percutaneous technique that was used to 
obtain serial biopsies from the canine cardiac allografts. 
Chapter three presents the results of the measurements of left ventricu-
lar contractility during chronic rejection. 
Chapter four presents the results of the histopathological examinations 
of the myocardial biopsy specimens obtained during the process of chronic rejection. 
Chapter five further evaluates the method to calculate myocardial 
contractility from the motion of radiopaque markers. The reason for a more detailed 
study on this method is explained in the last part of this discussion (page 75). 
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Histopathology during chronic rejection 
Serial percutaneous biopsies from canine orthotopic cardiac allografts. 
The method for taking serial percutaneous myocardial biopsies from the left vent-
ricle is described in the second chapter. 
The biopsies were taken, under 
general anaesthesia, with the aid of a disposable liver biopsy needle, which was 
inserted through the skin of the thorax into the apex of the heart. One hundred and 
forty two biopsies were obtained from nineteen beagles after orthotopic cardiac 
transplantation. Only one dog was lost because of intrathoracic bleeding after a 
biopsy was taken. Biopsies of the left ventricular wall, obtained by this method, 
were found to contain adequate material for light microscopic examination. 
Potential complications of the percutaneous technique for cardiac 
biopsies include hemorrhage, resulting in cardiac tamponade, damage to the 
coronary arteries, arrhythmias and infection. Apart from one case of hemorrhage, 
none of these complications occurred in our series. Probably the risk of hemorrhage 
is reduced by the formation of adhesions between the transplanted heart and the 
inner side of the left thoracic wall and the previously opened pericardium. 
It has been 
suggested that the percutaneous biopsy technique could very likely produce cardiac 
tamponade or bleeding when the formation of adhesions was inhibited by the 
administration of immunosuppressive drugs. We did perform percutaneous biopsies 
in two mongrel dogs on immunosuppressive therapy after orthotopic cardiac trans-
plantation, but no complications were seen. This indicates that the percutaneous 
biopsy technique does not necessarily create cardiac tamponade after orthotopic 
heart transplantation in combination with immunosuppressive therapy. 
This technique 
for serial percutaneous biopsies, which was not previously described, proved to be a 
convenient method for obtaining cardiac biopsies in which canine orthotopic cardiac 
allograft histopathology could be studied. 
The results of percutaneous biopsies taken 
from heterotopic canine cardiac allografts were reported by Leedham in 1971. With 
a liver biopsy needle serial biopsies were taken from cardiac allografts transplanted 
to the neck in dogs (II Oa). 
To obtain biopsies from orthotopic canine cardiac 
allografts, Caves reported the transvenous approach of a myocardial bioptome in 
1973 (29). He employed a modified Konno-Sakakibara bioptome (I 03) to deter-
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mine the histopathological changes which occur following cardiac transplant-
ation. The transvenous approach proved to be very successful! for the early 
diagnosis of acute rejection crises and clinical application soon followed (27, 28, 3 2). 
No morbidity or mortality related to the transvenous endomyocardial biopsy 
method has been reported and it certainly deserves a first consideration when 
myocardial biopsies are considered in clinical cardiac transplantation. 
Unfortunately 
the transvenous method proved unworkable in our long-surviving beagles, because 
the biopsies had to be taken very frequently and over a long period of time. Having 
already sacrificed the left external jugular vein at the time of transplantation, the 
right external jugular vein thrombosed early after only a few transvenous biopsies. 
As a consequence the percutaneous method was introduced. 
At first the percutaneous 
myocardial biopsies, described above, were taken after general anaesthesia was 
induced in the dogs; later on we succeeded in taking serial percutaneous myocardial 
biopsies after orthotopic cardiac transplantation using local anaesthesia. This 
provided a safer procedure because general anaesthesia was tolerated very badly by 
the dogs suffering from the end-stage of the chronic rejection process. 
The greatest 
advantage of the percutaneous biopsy technique is that most of the samples consist 
of a cross section of the left ventricular wall, from epi- to endocardium. In contrast 
to the endomyocardial biopsies, the histopathological changes can be investigated in 
all myocardial layers. 
In conclusion, the percutaneous myocardial biopsy technique 
proved to be very valuable since it is an accurate method for diagnosing the 
histopathological changes of chronic rejection in the living transplanted dog. It 
could also provide tissue for other studies like electronmicroscopy, immuno-
fluorescence and histochemistry, of the canine cardiac allograft. 
Another application 
could be its use for documenting the histopathological changes in the model of 
chronic rejection, modified by immunosuppressive therapy, anticoagulants or a 
balanced diet. 
Histopathology of rejection in DLA-identical canine orthotopic cardiac allografts. 
The results of the histopathological examinations of the myocardial biopsy speci-
mens obtained during the process of chronic rejection are described in the fourth 
chapter. In the animals surviving 4-18 weeks the vascular lesions became dominant 
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features after the second week post-transplantation. Small foci of parenchymal infil-
tration were observed during the first weeks after transplantation but they disap-
peared later. The vascular changes consisted of endothelial swelling, marked edema 
and thickening of the media of the vessels, leading to obliteration of the lumen. 
Ischemic changes, like muscle degeneration and infarction, could be discerned 
later during the course of chronic rejection; these could be secondary to the chronic 
obliterative arteritis. These vascular changes were observed in all myocardial layers. 
Medial changes in the intramural vessels were as severe as in the epicardial vessels, 
although intimal and subintimal lesions were not so marked in the epicardial vessels. 
As the course of chronic rejection was progressing, the process of chronic 
obliterative arteritis was found to lead to a generalized myocardial ischemia. 
At postmortem examination the coronary arteries showed extensive medial 
proliferation with almost complete obstruction of the lumen. 
Myocardial biopsies 
were examined by light microscopy with conventiocoal techniques. Rattler (87a) 
stated that histochemical methods show changes in dog cardiac allografts be-
fore these can be appreciated by light microscopy. It has to be assumed that the 
time of onset of the immunologic injury must take place earlier than the above 
mentioned second week. However, light microscopy failed to reveal the arterial 
changes, characteristic of chronic rejection, before that time. 
Bos stated that (19) the 
predominant histopathological feature of chronic cardiac allograft rejection is found 
in the larger medium sized vessels of the graft. From our findings it seems as if all 
myocardial arteries of the allograft are affected. Gross changes were observed in the 
coronary arteries and their main branches, but there was evidence too that the 
capillaries were damaged. One feature observed in the serial biopsies was distension 
and prominence of the capillaries which appeared to be subsequently obliterated by 
swelling of the endothelium, attachment of monocytes and thrombosis. The 
arterioles of these biopsies also showed medial proliferation and subsequent 
obliteration. Other vessels with thickened walls were apparently arterized dilated 
capillaries with hyalinisation. Although the limiting factor in chronic rejection is the 
degree of damage to the endothelium and subsequent processes, it seems from our 
studies that the rate of response to the obliterative damage by opening of vascular 
anastomoses from the capillary bed may be equally important. Rapid severe damage 
will obliterate any collateral vessel that develops whereas a slow obliterative process 
will allow time for collaterals to develop and the newly formed vessels will not 
become immediately obliterated. 
The clinical picture in some of the longest 
surviving dogs after orthotopic cardiac transplantation resembles the syndrome 
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of tricuspid insufficiency, showing severe ascites and venous congestion. 
Bos (19) described extensive valvular lesion~ as another result of the humoral or 
antibody-mediated immune response of the host during chronic rejection. It is 
obvious that no information could be gathered about the valvular injuries during the 
course of chronic rejection by means of the biopsy technique. 
The chronic oblitera-
tive arteritis is supposed to be the result of a humoral or antibody-mediated immune 
response. In 1973 0' Connell and Mowbray indicated that these vascular lesions 
started with arterial intimal thickening produced by alloantibodies (134 ). In 1977 
Cerilli isolated an antivascular endothelial cell antibody that could be responsible 
for these lesions (33, 34 ). According to Kosek the chronic obliterative arteritis, 
which is characteristic for chronic rejection, will eventually lead to graft arterio-
sclerosis (1 09). The arterial injury can lead to intimal accumulation of modified 
smooth muscle cells which are prone to fatty changes and are the basic cells of athe-
romas. At the same time medial hypoxia is caused by damage to the endothelial 
cells of the vasa vasorum. As mentioned by Hollander (88) no influence has been 
observed of immunosuppressive treatment on the occurrence of this obliterative 
arteritis. 
Clinically only the administration of warfarin , dipyridamole and the 
restriction of dietary lipids are instituted as the therapeutic regimen to reduce the 
incidence of graft arteriosclerosis in the transplanted heart as described by Griepp 
(77). 
Myocardial contractility during chronic rejection 
Orthotopic canine heart transplantation: 
left ventricular contractility during chronic rejection. 
The results of the measurements of left ventricular contractility during chronic 
rejection are described in the third chapter. The method that was used for the con-
tractility measurements was to calculate the mean velocity of shortening in the 
circumferential fibers (V cfl from the motion of radiopaque endocardia~ markers. 
Being representative of myocardial contractility, the calculated values for V cf should 
reflect changes in left ventricular pumping performance during chronic rejection. 
For reasons explained later (page 76), the term V cfwas replaced by Yma (Mean velo-
city of minor axis shortening) in chapter five, without affecting the value of the 
findings of chapter three. 
To determine left ventricular contractility during chronic 
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rejection endocardial markers were attached to the donor heart a week before trans-
plantation. Donors and recipients were beagle littermates and identical for the DLA 
histocompatibility complex. Before and after orthotopic cardiac transplantation the 
marker movements were recorded on Roentgen cinef!lms in eight recipients with a 
mean survival time of 112.5 days. 
As a result of the analysis of marker motion du-
ring the process of chronic rejection two significant drops in left ventricular con-
tractility could be determined. The first drop occurred between the preoperative 
measurements and those of the first week after transplantation (P < 0.02). This drop 
may have been caused by the operative trauma and the onset of the rejection pro-
cess, although the characteristic histopathological changes of chronic rejection were 
not demonstrated before the second week after transplantation. 
The second drop in 
myocardial contractility occurred in the week before death (P < 0.0 I). This drop 
probably represents the exhaustion of reserve mechanisms after longstanding immu-
nological injury. In the last week the percutaneous biopsies reveal the lesions of an 
end-stage myocardial ischemia. At postmortem examination the coronary arteries of 
the cardiac allografts showed extensive medial proliferation and nearly complete 
obliteration of the lumen. 
Between the first week after transplantation and the week 
before death there is a decrease in left ventricular contractility, but this drop proved 
to be not statistically significant. In this period of time myocardial contractility 
either is only slightly impaired or the technique failed to reveal more subtle changes. 
Values calculated the week before death are significantly lower compared to those 
of the week before transplantation, representing the difference in performance of 
injured and healthy myocardial muscle. 
During the process of chronic rejection in 
these dogs the values for the ECG voltage in limb lead II and for heart rate were also 
collected. No significant changes could be found in these values. 
It is concluded that 
a certain pattern of depression of left ventricular contractility could be discerned 
during the course of chronic rejection. A progressive decrease in myocardial function 
seems to be apparent in the period of time from transplantation till death. Shortly 
after transplantation and in the week preceding death a statistically significant de-
pression of left ventricular contractility could be established. 
When the results of the 
histopathological investigations, as described in chapter four, are taken into account, 
it seems as if the decrease in myocardial contractility is based upon a progressive 
myocardial ischemia caused by the chronic obliterative arteritis that is characteristic 
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for chronic rejection. However, this could not be established for the decrease in 
myocardial contractility in the first week after transplantation. Explanations for this 
particular phenomenon are myocardial depression by the operation trauma or the 
onset of immunological damage which could hot be detected by light microscopy. 
The method of determining left ventricular contractility, by calculating 
the mean velocity of shortening of the circumferential fibers (V cf), proved to be a 
useful method for studying myocardial performance during chronic rejection. How-
ever, some problems related to this method and to the way we applied it in our stu-
dy were identified. 
We have not been able to prove that the method could be used 
for early diagnosis of the chronic rejection process. The possibility exists however 
that a refined technique would show more subtle changes in cardiac performance 
during the slow development of chronic rejection. 
Also a great deal of variation in 
the data was apparent and a certain discomfort existed about the fact that no signi-
ficant changes in left ventricular contractility had been identified between the first 
and the last week after transplantation. As we had little experience with this method 
further work was needed to clarify the origin of this imperfection. 
Encouraged by 
the results and convinced of the benefits of a well-tested non-invasive method it was 
decided that other experiments ought to be conducted in order to improve the 
reliability of this method. These experiments are described in chapter five. 
The search for a non-invasive method to determine myocardial function 
was necessitated by the need to study left ventricular performance during chronic 
rejection. Because frequent measurements of left ventricular performance were 
desirable and over a long period of time, a non-invasive method was indicated. As 
little was known about this subject at that time, the solution to this problem was 
found in a combination of two techniques: the insertion of endocardial markers and 
the calculation of the mean velocity of circumferential fiber shortening. 
The mean 
velocity of circumferential fiber shortening (V cfl was introduced by Karliner in 
1971 (96) as a simplified measure of left ventricular contractility. The V cf was deri-
ved from angiograms by determining the systolic excursion of the left ventricular 
minor axis. It was concluded that the estimation of the mean rate of circumferential 
fiber shortening provided a reliable method of measuring left ventricular contract-
ility. 
As we wanted to avoid diagnostic catheterizations and angiograms in our study it 
was decided to mark the internal minor axis of the left ventricle by the insertion of 
endocardial radiopaque markers. From the marker movements, as recorded on 
73 
Roentgen cinef!lms, the systolic excursion of the left ventricular minor axis could be 
determined and the velocity of shortening could be calculated. 
The insertion of the endocardial markers was carried out with the help 
of a harpoon-like device. The original idea for this device was conceived by Dr. R.F. 
Rushmer, Seattle, Washington. It was described by Heikkila in his study about the 
quantification of function in normal and infarcted regions of the porcine left vent-
ricle (87b). 
Myocardial markers have never been very popular. Certainly when echo-
cardiography appeared on the diagnostic scene, there seemed even less need for such 
a laborious technique. However, the echocardiogram has not yet proved itself 
workable in the dog, although sector scanning techniques may provide an answer in 
the future, as recently reported by Meltzer (127). At the moment echotechniques do 
not provide reliable information on general myocardial function or regional contrac-
tion patterns. 
To determine the regional pattern of contraction of the myocardium 
after coronary bypass surgery, epicardial markers were introduced in the Rotterdam 
University Hospital by Brower (21 ). From Brower's work it is clear that the attach-
ment of radiopaque markers can provide useful information especially when multi-
ple serial measurements are required in the postoperative period. 
Only two studies 
have been reporting the use of radiopaque markers for follow-up measurements after 
orthotopic cardiac transplantation. 
Matilla and Ingels (126) used intramyocardial 
markers in 1972 to determine general myocardial function after orthotopic canine 
cardiac transplantation. After inserting tantalum coils into the left ventricular wall at 
the time of transplantation, the effects of atrial pacing were studied. At that time it was 
found that only cardiac output was significantly changed by alterations in heart rate. 
Later in 1977 Ingels implanted tantalum coils in eleven patients at the 
time of orthotopic cardiac transplantation. It was found that, after atrial pacing, 
augmentation of heart rate produced a reduction in end-diastolic and end-systolic 
volume, while cardiac output was little changed with increased rate. He concluded 
that end-diastolic volume reduction was brought about by abbreviated filling (91 ). 
The effect of denervation on myocardial performance has not been 
taken into account in our experiments. In their studies Ingels and Mattila (91, 126) 
investigated the fact that cardiac transplantation results in the loss of direct, autono-
mically mediated mechanisms for regulation of cardiac output because of denerva-
tion. Dong (59) showed a persistent increase in blood volume following cardiac 
transplantation, possibly due to a loss of the Bainbridge reflex in the denervated 
heart. The transplanted heart was supposed to have a fixed stroke volume, thus 
74 
cardiac output could only be increased by the augmented venous return combined 
with an increase in heart rate. This could not be proved in the study of Ingels and 
Mattila about donor left ventricular response to atrial pacing. A more normal stroke 
volume response to increased heart rate was found. It was stated that the transplant-
ed, denervated heart possesses an apparently normal intrinsic mechanism for regula-
tion of stroke volume (91, 126). 
Myocardial radiopaque markers used to quantify minor axis shortening for follow-up 
studies in experimental surgery. 
The method of determining left ventricular contractility from endocardial marker 
movements is further validated in chapter five. 
Several reasons can be enumerated for these extended investigations: 
I. Despite the fact that we had little experience with this method, significant chan-
ges in myocardial contractility were demonstrated during the process of chronic 
rejection. However a great deal of variation in the data was apparent which nee-
ded further work to clarify its origin. 
2. The measurement of marker motion was carried out manually from frame by 
frame cinefilm projections, which makes the method a very laborious technique. 
3. Little was known about the mean velocity of shortening being representative for 
myocardial function. Therefore, we wanted to establish for ourselves the correla-
tion between the mean velocity of shortening and well-known variables used to 
quantify myocardial function. 
4. Our calculations of myocardial contractility were derived from endocardial mar-
ker motion. Endocardial markers are more difficult to insert than epicardial 
markers. If epicardial markers provide us with the same information this could 
lead to a simplification of the method. 
Therefore the animal experiments described in chapter five were con-
ducted in order to: 
I. Perfect the data recording and analysis techniques. 
2. Simplify the measurements and calculation procedures for routine use. 
3. Compare the mean velocity of shortening with well-known variables used to 
quantify myocardial function, i.e. peak dP/dt and developed V max. 
4. Compare the values for the mean velocity of shortening derived from epi-and 
endocardial markers. 
Epi- and endocardial markers were attached to the hearts of eight 
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beagles. After placement of the markers, a Koningsberg pressure transducer was 
introduced into the left ventricle. Also a bipolar pacemaker electrode was attached 
to the atrium in order to control heart rate during the recordings. Daily postoperati-
ve left ventricular pressure recordings, cinefluorography and ECG recordings were 
made. This was performed up to I 0 days after surgery at rest or during pacing in 
conscious dogs. 
It has to be mentioned that the term V cf (mean velocity of circum-
ferential fiber shortening) was not correctly used in chapter three. Instead of the 
circumferential fiber shortening, the shortening of the minor axis had been calcula-
ted. This is of no consequence for the findings in chapter three but as the term 
V cf was misleading it was replaced by V rna (mean velocity of minor axis shortening) 
in chapter five. 
From these experiments it is concluded that the reproducibility of 
the method for determining the mean velocity of minor axis shortening could be 
improved over previous work. Special attention had to be given to the positioning 
of the dogs with respect to the Roentgen apparatus during filming. Position changes 
are directly seen in the absolute values of the minor axis. 
A digitizing pen system 
was introduced to speed up the data acquisition phase. 
A significant correlation be-
tween the mean velocity of minor axis shortening and peak dP/dt or developed 
V max (correlation coefficient R = 0,55) showed that V rna provides information on 
myocardial contractility, but has a different sensitivity to loading and heart rate 
changes. 
The mean velocity of minor axis shortening measured from epicardial mar-
kers was consistently less than from endocardial markers, but was no less sensitive 
nor accurate. 
V rna values in these healthy dogs were found to be in the range of 
V cf values described in chapter three for the preoperative measurements. There was 
no significant change in values for the mean velocity of minor axis shortening ob-
tained from these healthy dogs in the postoperative period. It would be expected 
that the mean velocity of minor axis shortening was less on the first day postope-
rative as a result of surgical trauma to the heart. However, this could not be repro-
duced. A possible explanation for this feature is that the insertion of the markers 
themselves, hardly imposes damage to the heart. 
The studies described in this thesis were executed in the hope that a 
little more clarity could be brought to the chronic rejection process. 
Based on the 
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results described above it can be stated that the objectives, which this thes1s focus-
sed on, were fulfilled. 
The value of the findings, described in this study, for further 
experiments are at least fourfold: 
I. The technique for serial percutaneous biopsies could provide tissue for other 
studies relating to canine orthotopic cardiac allograft transplantation. 
2. The description of the chronic obliterative arteritis, as presented in this thesis 
could lead to a determination of the specific agents responsible for it. 
3. The assessment of left ventricular contractility during chronic rejection may 
provide some insight on the influence of the immunological injury on myocardial 
performance. 
4. The attachement of radiopaque markers to the myocardium provides a non-inva-
sive method to gather information on general myocardial function or regional 




HISTORICAL SURVEY OF ORTHOTOPIC CARDIAC TRANSPLANTATION 
"Never in history of man so much has been said to so 
many about so little for the benefit of so few". 
Dr. John C. Callaghan's paraphrase on 
Sir Winston Churchill's famous words. 
It was in the year 300 B.C. that the surgeon Pien CH'iao was visited by two travelers, 
Kung Wu of Lu and Chi Ying of Chao, who requested that he should treat them. 
Pien CH'iao reportedly gave the two men a potion that rendered them unconscious 
for three days, during which time he interchanged both their hearts and stomachs. 
The two men awoke fully recovered and went their separate ways home. 
Carrel and 
Guthrie brought cardiac transplantation out of these mythological atmospheres in 
1905. Introducing previously unknown suturing techniques they transplanted 
successfuly the heart of one dog into the neck of a larger one. After re-establishing 
the circulation, the transplanted heart manifested strong contractions until intra-
cavitary coagulation occurred some 21 hours after transplantation; sepsis was 
implicated as the major factor limiting survival (23, 24), but by means of these 
experiments it was demonstrated that a denervated heart could continue beating. 
Before the development of modern methods for cardiopulmonary bypass it was not 
possible till 19 59 to perform orthotopic cardiac transplantation. The history and the 
development of various models of heterotopically transplanted hearts have been 
described in detail by Jongsma (92) and Hairston (78). The various studies of the 
heart in an ectopic position have added considerably to the knowledge of the 
transplanted heart and its susceptibility to the process of rejection (78, 124, 167), 
its vulnerability to hypoxia ( 115, 165) and the protective effect of hypothermia 
(16, 166). When a successful complete cardiac replacement was first performed by 
Lower and Shumway in 1959 several conditions had been worked out. Especially 
modern techniques for cardiopulmonary bypass, for myocardial protection during 
the period of obligatory anoxia and for the conversion of numerous venous anasto-
moses to a long atrial suture line, made it possible to succeed the first time in cardiac 
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replacement. In dogs only the fragile supravalvular aorta, having the consistency of 
blotting paper, still presents a major technical problem (117, 118). Hemodilution 
did not prove to be helpful in the experimental laboratory. Blood prime provided 
the best method for extracorporeal circulation and general hypothermia was not 
needed (145-14 7). Survival of 6 to 21 days was achieved by this technique. Yet 
electrocardiographic studies revealed a progressive decrease in the voltage of the 
QRS complex and postmortem pathologic changes in the myocardium were charac-
teristic for the homograft rejection mechanism (113, 116, 120, 122). 
Studies were 
then performed by Willman and Hurley on autotransplanted hearts to investigate 
the characteristics of the totally denervated heart (90, 121 ). No deleterious effects 
were noted from denervation itself. A hemodynamic pattern was found, which 
proved to be compatible with life. The physiologic impairment which accrues from 
the transplantation procedure appeared small and transient. Evidence for re-inner-
vation across the tissue barrier had also been sought. In fact sympathetic and para-
sympathetic reinnervation proved nearly complete in the autograft series 14- I 8 
months after excision and reimplantation of the heart (55, 61, 90, I 02, I 04, I 05, 
170-1 74). 
With respect to control of homograft immunity, imuran (azathioprine) 
and steroids constituted the best therapy in restraining the forces of rejection and 
voltage changes in the QRS complex of the electrocardiogram, reflecting graft inva-
sion, were used as guide line in the use of chemotherapy ( 119, 120). 
Kantrowitz, 
Kondo and Hurley also studied the effect of minimization of antigenicity and found 
that the immune mechanism was somehow suspended after cardiac replacement in 
littermates and puppies. However these donor-recipient combinations were not 
spared homograft rejection and some program of treatment for homograft rejection 
remains a "sine qua non" for long-time survival (90, 95, 99, 101). 
From 1959 till 
I 967 orthotopic cardiac transplantation was continuously investigated in the labora-
tory (35-37, 59, 131). The only clinical experiment during this period was perform-
ed by Hardy who replaced a diseased human heart by that of a chimpanzee in I 964. 
The outcome of this xeno-transplant was unsuccessful (83-87). 
In March 1967 sena-
tor Mondale from Minnesota, now vice-president of the United States of America, 
together with senator Ribicoff, proposed the appointment of a commission to advise 
the Congress on the validity of a program on heart transplantation. One thing that 
excited the Mondale-Ribicoff Committee was the matter of the furor over cardiac 
transplantation, quite unlike that which occurred with transplantation efforts either 
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in the kidney or with the liver. It was Owen H. Wangensteen from Minneapolis, the 
surgeon, who volunteered to appear before this Committee to remind the members 
that whereas the kidney and the liver received little attention in the Scriptures, it 
takes more than four pages to enumerate all the citations to the heart. 
In December 
1967, Barnard performed the first human to human transplantation in Cape Town, 
South Africa (2-5, 11, 114, 130, 160). This operation, as might be expected, met 
with reactions ranging from acclaim to condemnation. But for many centers, that 
were confronted with patients suffering from incurable or end-stage cardiac disease, 
the starting shot was fired which resulted in 135 transplant operations in the ensuing 
18 months. This included one other xenograft operation by Cooley, who used a 
sheep heart, which also rejected acutely (10, 42-45, 79, 80). 
To investigate the 
possibilities of xenografts for human cardiac transplantations, Neville implanted 
calf, sheep and goathearts into dogs. They all reacted similarly: a short period 
after the release of the aortic clamp, bluish patchy areas became visible in the 
myocardium, fibrillation ensued and cardiac action could not be reinstituted. The 
same phenomenon was described by Cooley in the sheep heart which he used for 
the one transplantation in man. Histology showed obstruction of the capillaries by 
agglutinated erythrocytes. However when the experiments were reversed and the dog 
heart was orthotopically placed in the goat, the donor heart reacted well and appear-
ed not different than when it was placed in another dog. As far as could be ascer-
tained the reason for failure of the first group of xenografts was due in part to the 
size of the red blood cells. Goat and sheepcells are much smaller than dogcells and as 
a result the capillaries are concomitantly decreased in size in these animals. On the 
other hand the smaller cells of goat and sheep can easily traverse the larger myocard-
ial capillaries of the dog ( 4 7). Other mechanisms however cannot be excluded. 
In that time also three orthotopic cardiac transplantations were 
performed in infants. The longest surviving infant underwent the only combined 
heart and lung transplantation and lived for 14 hours before dying of pulmonary 
complications. The indications for cardiac replacement in those children were 
terminal cardiac failure due to atrioventricularis communis, endocardial fibroe-
lastosis and pulmonary atresia (46, 94). 
In the period from 1968 till 1969 the overall 
mortality in the first two days after transplantation was abo1.1t 20 percent. For the 
surviving patients postoperative care had to be organized. This postoperative care 
was concentrated along three lines: maintenance of a satisfactory cardiac output, 
suppression of the immunologic reaction to the transplanted heart and the prevent-
ion or treatment of infection (2, 97, 157). 
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Fighting rejection created a lot of new 
complications which made Callaghan from Edmonton cry out in despair: "Basic 
biologists must come to our aid. It is apparent that a deep biological problem 
exists. Remembering the reasons for antigen formation of the cell membrane 
explains simply why the antigen provides a password to prevent bacteria and virus. 
like communists, from taking over. This is rejection. To alter it explains the infect-
ions" (46). Today the problem remains unsolved. 
After some time it became appar-
ent that after long time survival cardiac allograft recipients showed at autopsy 
atheroma of the coronary arteries with marked luminal narrowing whereas the 
donor had been free of atheroma at the time of transplantation. Also coronary 
graft sclerosis was confirmed later by coronary angiography in surviving individuals 
and the process that was leading to this rapidly developing coronary artery obliter-
ation was called chronic rejection. It was regarded a sad irony that the same disease 
was reproduced in the coronary arteries of the transplanted heart which had deter-
mined the dysfunction of the recipients heart (56, 63, 7 4, I 09, 149, 161 ). 
After 1969 most of the clinical cardiac transplantation programs came 
to an end. Partly because of the numerous problems that had become evident and 
partly because the experience with direct coronary artery bypass surgery had allow-
ed many surgeons to expand considerably operative indications for patients with 
severe coronary artery disease. The efforts were continued only by a few centers 
that had been in cardiac transplantation from the cradle: Stanford, U.S.A., Cape 
Town, S.A. and Richmond, U.S.A. (30, 39, 40, 48, 49, 57, 60, 71, 81, 123, 128, 
133, 143, 152, 155, 156, 158). 
Since the original observations of Lower in 1966, 
the voltage drop in the sum of the standard leads on the ECG had remained the most 
important indication of acute rejection episodes. The measurement of a 20 % re-
duction in R-wave voltage was regarded as an indication of acute rejection (120, 
144). A more sensitive diagnostic technique for acute rejection was introduced by 
Caves in 1973 by means of the transvenous right-ventricular biopsy method (15, 
28, 29, 32). 
The mainstay of immunosuppressive medication has always been 
azathioprine (imuran) and prednison (2, 97). Actinomycin C was also used and 
anti-lymphocyte-globulin (ALG) was administered later to reduce the amounts of 
azathioprine and steroids (58, 132). Also in 1973 two modifications in the immuno-
suppressive therapy were introduced. Cyclophosphamide was incorporated in the 
on-going therapy schemes (40) and ALG was replaced by antithymocyte globulin 
(ATG) (6, 13, 62, 73, 138, 154). 
In 1974 Barnard again led the way by performing 
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an auxiliary heart transplantation. The indication for this type of transplantation 
was to bypass the recipients diseased left ventricle but to leave the recipients hyper-
trophic right ventricle in place to cope with the longstanding elevated pulmonary 
artery pressure (7, 8). Another xenotransplant, an auxiliary baboon heart, followed 
in 1978 in Cape Town, however this ended without success. The method for left 
heart bypass by auxiliary heart transplantation was originally designed for patients 
with an increased pulmonary vascular resistance but it has replaced the method of 
orthotopic cardiac transplantation in Cape Town ever since. 
The Stanford Group achieved a 
progressive increase in patient survival after orthotopic cardiac transplantation, as 
experience in dealing with the complex postoperative care of the cardiac transplan-
tation recipient accumulated and improved. At Stanford alone ISO patients have 
thus far received cardiac allografts. At the moment survival of the entire group 
is 52% at one year and 27% at 5 years. The one year survival rate for patients opera-
ted on in successive years from 1968 rose from 22% to finally 70% in 1978 (91 a). 
The major factors responsible for increased survival time after clinical 
cardiac transplantation appear to be improved management of acute rejection 
episodes by utilizing endomyocardial biopsies for timely diagnosis and rabbit anti-
human thymocyte globulin for treatment. Improvement in long-term survival was 
also effected by control for graft sclerosis. Cardiac retransplantation appears to be a 
reasonable option both in patients with unremitting acute rejection injury and in 
patients who develop obliterative graft arteriosclerosis and subsequent graft failure. 
Progressive improvement in survival in recipients of cardiac transplants argues 
strongly for increased application of this technique as a therapy for end-stage 




The course of chronic rejection after orthotopic cardiac transplantation in DLA 
identical beagle littennates is described in this thesis. This rejection process was 
investigated in two ways. 
First, the histopathological changes, that develop during 
the course of chronic rejection after orthotopic cardiac transplantation, were studied 
by means of serial percutaneous myocardial biopsies. The time of onset of these 
histopathological lesions during this process were investigated as well. 
Second, the 
early diagnosis and follow-up of the process of chronic rejection after orthotopic 
canine cardiac transplantation were studied by registering myocardial wall motion. 
This was achieved by attaching silver markers to the donor heart and recording 
these marker motions by serial cineradiography. 
Four articles were published descri-
bing the material, methods, and results of these investigations. These papers are 
reprinted in this thesis in chapter two to five. 
In the second chapter, the method for 
taking the percutaneous myocardial biopsies from the left ventricle was described. 
Thanks to this technique, adequate serial biopsy specimens were obtained to study 
the histopathological changes after orthotopic cardiac transplantation in DLA ident-
ical beagle littennates. 
The results of the histopathological investigation of these 
biopsies were described in the fourth chapter. The histopathological lesions which 
develop during the course of chronic rejection seem to be a progressive narrowing 
of the lumen of arteries and arterioles in the myocardium. It was found that this 
luminal narrowing was based on endothelial swelling and medial proliferation. 
These vascular changes could be observed to begin in the second week after 
transplantation. During the course of chronic rejection these lesions became domi-
nant features and secondary ischemic changes could be discerned. It appears as if 
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this process of chronic rejection leads to a progressive and generalized myocardial 
ischemia. 
Myocardial function during chronic rejection after orthotopic 
canine cardiac transplantation was described in chapter three. From endocardial 
marker motion values for myocardial contractility have been calculated, before and 
after transplantation. 
During the rejection process two significant drops in myocardial 
contractility could be determined. The first drop occurred between the preoperative 
measurements and those of the first week after transplantation (P< 0.02). The se-
cond drop occurred in the last week (P < 0.0 I). In the intervening period myocar-
dial contractility seems to be depressed, but not significantly. 
In the fifth chapter 
the non-invasive method to determine myocardial function by measuring marker 




In dit proefschrift wordt het verloop beschreven van het proces van chronische afsto-
ting zoals dat zich voordoet na orthotope harttransplantatie bij DLA identieke beag-
les. Dit afstotingsproces werd op twee manieren vervolgd. Ten eerste werd getracht 
door middel van percutane myocard biopsien de histopathologische veranderingen in 
de hartspier, en het tijdstip van ontstaan ervan, vast te stellen. 
Ten tweede werd een 
paging ondernomen door het onderzoeken van de bewegingen van endocardmarkers 
te komen tot een vroegtijdige registratie en tot het vervolgen van de functie van de 
hartspier. 
Een viertal artikelen werden over methoden van onderzoek en de resulta-
ten ervan gepubliceerd. Deze publicaties zijn in dit proefschrift bijeengebracht in de 
hoofdstukken twee t/m vijf. 
Het tweede hoofdstuk beschrijft de percutane techniek 
voor het·nemen van biopsien uit de linker ventrikel van de DLA identieke beagles, na 
orthotope harttransplantatie. Dankzij deze techniek werden biopsien verkregen die 
geschikt waren voor licht-microscopisch onderzoek, zodat hierin de histopatholo-
gische kenmerken van het chronische afstotingsproces konden worden bestudeerd. 
De resultaten van het histopathologische onderzoek staan vermeld in 
het vierde hoofdstuk. Het blijkt dat dit proces zich voornamelijk afspeelt in arterien 
en arteriolen van het transplantaat en dat het zich uit in een zwelling van het endo-
theel, proliferatie van de media en dientengevolge vernauwing van het lumen. 
Vanaf 
de tweede week na transplantatie beginnen deze afwijkingen steeds duidelijker waar-
neembaar te worden. Wanneer de vaatafwijkingen in ernst toenemen ontstaan oak 
fibrose in het interstitium, atrofie van de spiervezels en gebieden van myodegeneratie 
met infarcthaardjes. Het lijkt alsof het verlies aan functie van het myocard tengevol-
ge van chronische afstoting gebaseerd is op een gegeneraliseerde ischemie van het 
myocard. 
De functie van het myocard tijdens chronische afstoting na orthotope 
harttransplantatie bij deze honden is beschreven in hoofdstuk drie. De contractiliteit 
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van het myocard werd berekend uit de bewegingen van de endocardmarkers. In het 
ver!oop van het afstotingsproces worden twee significante dalingen waargenomen in 
de berekende waarden voor de contractiliteit van het hart. De eerste (P < 0.02) valt 
direct na transplantatie en de tweede (P < 0.0 I) in de week voor overlijden. In de 
tussenliggende periode lijkt de contractiliteit van het hart eveneens afgenomen, doch 
deze daling is niet statistisch significant. 
In het vijfde hoofdstuk wordt de niet-inva-
sieve methode, die in hoofdstuk drie werd gebruikt, om de contractiliteit van het 
myocard te bepalen, verder uitgewerkt. Verschillende manieren waardoor deze tech-
niek geperfectioneerd kan worden voor verdere klinische en experimentele toepas-
sing, zijn hierin aangegeven. 
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